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Summary 
For magnetic recording technology, much effort is currently devoted to the 
achievement of areal density up to 1 Tb/in
2
 and beyond. The enhancement of the 
magnetic recording areal density is governed by the characteristics of magnetic 
recording media. Media material with large magnetocrystalline anisotropy (Ku) is 
required to delay the onset of superparamagnetism. L10 and L11 phase CoPt thin films 
have been considered as potential candidates due to their large Ku values and 
corrosion resistance, which allow smaller thermally stable grains.  
This research work focused on obtaining desired structure and magnetic 
properties of L10 and L11 CoPt media films and investigating the mechanism behind 
them in order to satisfy the media requirements for high areal density magnetic 
recording.  
The first part of this thesis was to develop L10 phase CoPt. Two kinds of 
fabrication methods were adopted: epitaxial growth on MgO (001) single crystal 
substrates by in-situ heating and non-epitaxial growth on oxidized Si substrates by 
post-deposition annealing. Effects of CoPt film thickness and SiOx volume percentage 
on chemical ordering and magnetic properties of L10 CoPt films were studied. Thicker 
CoPt exhibited higher chemical ordering but lower coercivity. 10 vol.% SiOx addition 
exhibited the highest chemical ordering and coercivity. In order to make it 
commercially viable, L10 CoPt films were developed on oxidized Si substrates. The 
effects of annealing conditions and MgO underlayer thickness were investigated. In 
order to further control the CoPt (001) texture, multilayered structure of (CoPt/oxide)n 
was adopted. Thin CoPt sublayer was effective in inducing L10 CoPt (001) texture, 
viii 
whereas thick MgO was preferred for improved chemical ordering and small grain 
size. 
The second part of this thesis was to study the L10 CoPt based exchange 
coupled composite (ECC) media because it is a possible solution for 1 Tb/in
2
 
recording owing to its advantage in writability when compared with conventional 
perpendicular media at the same level of thermal stability. The effects of direct 
interlayer coupling between soft and hard layer was investigated both experimentally 
and theoretically. Increasing soft layer thickness was effective to significantly reduce 
the switching field of the hard layer with soft layer thickness below 4 nm. 
The third part of this thesis was to study L11 phase CoPt thin films. The 
interfacial effects of different underlayers (Ru, Ir, Pt) were investigated and sharp 
interface such as CoPt/Ru was found necessary to obtain good ordering. To develop 
L11 CoPt on glass substrates, Ta seedlayer and Ru underlayer were adopted. For 
different CoPt film thickness, it was found that 10 nm CoPt had the best chemical 
ordering and magnetic properties. After introducing a 2 nm Pt intermediate layer, 
chemical ordering and magnetic anisotropy of the CoPt films were improved, whereas 
after introducing Ir layer, the chemical ordering was reduced. Cu was doped in CoPt 
to control grain size, improve chemical ordering and coercivity. The increased 
coercivity may be due to the formation of low Hk CoCuPt phase to serve as domain 
wall pinning by extended X-ray absorption fine structure (EXAFS) study. 
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Chapter 1 Introduction 
Different forms of storage devices, like optical storage devices, magnetic 
recording devices, and semiconductor memory devices, have been invented based on 
various storage principles. However, among all these storage devices, magnetic 
recording, primarily through the use of hard disk drives (HDDs), is still the cheapest 
storage device in terms of dollars per MB. The first generation of magnetic hard disk 
drive  Random Access Method of Accounting and Control was built by IBM in 1956, 





then, the storage density of commercially available hard disk drives has been 
increasing at an astonishing rate. The last two decades have witnessed an increase of 
60-100% per annum in the storage density of HDDs. Because of such an increase in 
areal density (the number of bits per unit surface area), it is possible to make smaller 
HDDs with large capacities at cheaper prices. As a result, HDDs could find new 
application areas besides computer applications. Some recent examples of HDD 
applications are portable consumer electronics devices, like MP3 players, hand 
phones, and video cameras.  
Although magnetic recording is a well-established technology, it has not 
reached its limit and still has enormous potential. Much effort is currently devoted to 
the achievement of areal density up to 1 Tb/in
2
 and beyond. The enhancement of the 
magnetic recording areal density is governed by the characteristics of magnetic 
recording media. Conventional recording media typically uses Co-alloy, which is 





 Superparamagnetism is a phenomenon which occurs when 
the thermal energy causes spontaneous magnetization reversal even in the absence of 
2 
applied magnetic field for ferromagnetic materials with grain size below a lower limit, 
which will deteriorate the stored data. In order to delay the onset of 
superparamagnetism, materials with high magnetocrystalline anisotropy (Ku) are 
required. L10 and L11 phase CoPt thin films have been considered as potential 
candidates for recording media due to their large Ku values
3, 4
 and corrosion 
resistance
5, 6
, which allow smaller thermally stable grains. Besides their potential 
industrial applications, CoPt films have also generated immense interest among 
researchers of materials science because CoPt has several stable and meta-stable 
phases, like A1, L10, L11, L12 and m-D019. The different properties of these phases and 
the transformation between these phases need to be investigated.  
In this chapter, requirements for high areal density magnetic recording media 
will be reviewed in Section 1.1. Current perpendicular recording media will be 
reviewed in Section 1.2. Section 1.3 describes the magnetic recording media for next 
generation. General properties of CoPt thin films will be presented in Section 1.4. 
Current research on L10 and L11 CoPt films will be reviewed in Section 1.5. At the 
end of this chapter, research objectives and thesis outline are presented. 
1.1 Requirements of magnetic recording media for high areal density 
Many factors contribute to the capacity of a hard disk, but the fundamental one 




To achieve high areal density magnetic recording, it is necessary to have high 
signal-to-noise ratio (SNR) to recover data reliably because the higher SNR, the more 
easily the data can be detected. In conventional recording media, the SNR is 
determined as SNR=10×log(N), where N is the number of grains per recording bit. 
3 
Therefore, in order to obtain a high SNR value, a large number of grains in one 
recording bit are required, which means the average grain size needs to be reduced 
simultaneously. Besides the average grain size, the SNR also depends on the width of 
grain size distribution.
9
 For a given average grain size, a wider grain size distribution 
gives rise to higher transition noise.  
High areal density requires reduction of magnetic grain size in each recording 
bit. However, when the grain size is reduced to a certain value, the energy stored in 
the grain KuV (Ku is the magnetic anisotropy constant and V is the grain volume) 
becomes so small that thermal energy kBT could overcome the magnetic energy. This 
results in spontaneous magnetization reversal and undesirable thermal instability of 
the recording media. In order for the recording bits to be thermally stable over a long 
period of time, the magnetic energy barrier must significantly exceed the thermal 
energy. At temperature T the relaxation time τ is given by τ=10-9exp(KuV/kBT). It is 
usually required that the relaxation time of the grains in recording media be at least 
ten years. Thus, from the equation above, the thermal stability requires the value of 
KuV/kBT > 60. Hence to further reduce the grain size, high Ku materials are required to 
maintain the thermal stability. 
In principle, the magnetic energy KuV may be maintained for smaller grains if 
a material with a large value of Ku is used. However, increasing Ku will lead to an 
increase in the anisotropy field (Hk=2Ku/Ms). In this case, a higher magnetic field is 
required to switch the magnetization and write the information onto the media. 
However, this cannot be realized by current writing head because writing head field is 
limited by the maximum magnetization of soft magnetic materials used in the 
inductive writing head. (Currently CoFe with µ0Ms=24 kOe is used.
10
) Thus SNR, 
4 
thermal stability and writability are considered as the trilemma of magnetic recording. 
Reasonable compromise among these parameters is needed.  
1.2 Current status of various perpendicular recording media 
Longitudinal magnetic recording has a limitation around 100 Gb/in
2
 due to the 
difficulty of achieving both high density recording and thermal stability 
simultaneously. Perpendicular magnetic recording has therefore replaced longitudinal 
recoding due to its multiple advantages.
11
 Perpendicular recording is 
magnetostatically favorable, ensuring highly stable high density recording. Besides, 
the use of soft underlayer could effectively double the field generated, thus doubling 
the coercivity and anisotropy field. This in turn allows the magnetic recording media 
with smaller grain volume, and supports the increase of areal density.  
In the following section, the current status of various perpendicular recording 
media will be reviewed. Table 1.1 summarizes a variety of intrinsic and derived 
properties for candidate materials. 
1.2.1 CoCrPt alloy 
The current commercialized perpendicular recording media in the hard disk 
drive industry uses CoCrPt-oxide as the magnetic layer. For this Co-based alloy, the 
natural growth texture is the perpendicular (0001). In this case, the role of underlayer 
is to enhance the growth texture. The underlayers used are Ru with (0002) texture or 
amorphous Ta. As reviewed in Section 1.1, small grains with a narrow size 
distribution can reduce the transition noise and support high areal density. For grain 
isolation in Co-based alloy, Cr is known to segregate into the boundaries and thus 
reduce the intergranular exchange interaction. However, it is reported that Cr did not 
5 
completely segregate at the grain boundaries but formed Co3Cr inside the grains.
12
 In 
this case Ku was reduced. SiO2 was also reported to be doped into CoCrPt media films 
to control grain isolation.
13
 Higher SiO2 volume fraction reduced both grain size and 
Ku value. Girt et al.
14
 have investigated the effects of adding oxygen with Ar during 
the deposition of recording layer and reported that oxygen incorporation improved 
SNR. However, oxide compounds inside the grains deteriorated magnetic properties.  
 
Table 1.1 Magnetic properties and theoretical minimal grain diameters of various 
media candidates of high magnetic crystal anisotropy constant Ku. (Ku refers to the 

























CoCr20Pt15 0.25 330 15.2  12.4 
Co3Pt 2 1100 36.4 1200 6.9 
(CoCr)3Pt 0.39 410 19  10.6 
CoPt3 0.5 300 33.3 600 8.6 
Co/Pt (Pd) 
multilayer 
Co/Pt 1 360 55.6 500 6.7 
Co/Pd 0.6 306 33.3 500 8.2 
L10 phase 
FePd 1.7 1100 32.7 760 7.5 
FePt 7 1140 122.8 750 3.6 
CoPt 4.9 800 122.5 840 3.9 
MnAl 1.7 560 60.7 650 5.7 
Rare-earth 
alloy 
Fe14Nd2B 4.6 1270 72.4 585 4.5 
SmCo5 20 910 439.6 1000 2.4 
 
Dual-Ru underlayers were also developed to reduce the intergranular 
exchange interaction with a low-pressure bottom layer and a high-pressure top layer.
17
 
Synthetic nucleation layer between the top and bottom Ru layer was proposed by 
6 
Piramanayagam et al, which reduced the mean grain diameter to 5.5 nm.
18
 However, 
the major problem with conventional Co-alloy media is the relatively low Ku, which is 
unable to fulfill the requirement of high density magnetic recording up to 1 Tb/in
2
 due 
to superparamagnetism.  
1.2.2 Co/Pt (Pd) multilayers 
In the multilayer media, a magnetic element Co is deposited alternatively with 
a transition metal such as Pt or Pd. Co monoatomic layers are deposited with their 
close packed layers in the film plane and Pt or Pd layers are formed epitaxially on Co 
layers. The saturation magnetization of Co/Pt (Pd) multilayers per unit volume of Co 
is larger than that of pure Co, presumably due to induced ferromagnetism on Pt (Pd) 
interfacial atoms.
19
 The strong hybridization between Pt 5d (or Pd 4d) and Co 3d at 
the Co/Pt (Pd) interface leads to a very strong spin-orbit coupling, which helped to 
orient Co [002] direction perpendicular to the film surface, thus resulting in a large 
interface perpendicular anisotropy.
 20
 The magnetic properties could be tuned by 
adjusting the thickness of each layer and the total number of layers. Perpendicular 
recording requires the easy axis of magnetization to be out of plane of the film. For 
multilayer media this occurs naturally since the film interface anisotropy is 
perpendicular to the structure. However, it is not easy to obtain films with small 
grains together with high coercivity and small exchange coupling in multilayer media. 
Multilayers had been intensively investigated before, but no longer hold current 
interests due to the large intrinsic exchange coupling in the film plane, which induced 
transition noise. The multilayers could form a columnar microstructure, but it seems 
difficult to have chemical segregation to the grains as in the Co-based thin films. 
High-pressure deposition and the addition of segregates such as B and Cr, or 
7 
impurities such as oxygen during deposition could reduce the in-plane exchange 
coupling.
21
 It is reported that deposition with high Ar pressure and addition of oxygen 
to the multilayers was effective in reducing media noise.
22
 A Pd–TiN seed layer 
consisting of Pd seed grains surrounded by a nonmagnetic TiN network was reported 
to be useful in decreasing the intergranular exchange coupling of the [Co/Pd] 
multilayered media.
23
 If multilayer media are to be utilized as perpendicular media, it 
will be necessary to obtain smaller magnetic cluster size in the films. 
1.2.3 Rare-earth alloys 
SmCo5 thin film has been investigated since 1970s for its potentially large 
magnetic anisotropy and high coercivity. It is found that the crystallographic texture 
of thin films is the key factor to obtain the desired magnetic properties. When 




 single crystal substrates, the 
texture were )0211(  or )0110( , which could induce high coercivity (>10 kOe) and 
large longitudinal magnetic anisotropy. Recently, SmCo5 thin film with perpendicular 
anisotropy was reported with (0001) texture on Cu (111) underlayer.
26, 27
 However, 
Cu underlayer needs to be thicker than 100 nm to obtain the desired texture and good 
crystallinity. Besides, Cu was found to diffuse into SmCo5 layer and deteriorate 
magnetic properties. Therefore, it is necessary to find a suitable underlayer with 
higher melting point than Cu and smaller lattice mismatch with SmCo5. However, the 
major problem with rare-earth alloys is the poor corrosion resistance, which limits 
their practical application as recording media. Therefore, improvement of the 
corrosion resistance by doping additive elements in the SmCo5 layer or by covering a 
protective layer needs to be investigated. 
8 
1.2.4 L10 CoPt and FePt 
L10 phase CoPt and FePt have been considered as potential candidates due to 
their large Ku values in the order of 10
7
 ergs/cc and corrosion resistance. Ku in these 
materials is an order of magnitude greater than current CoCr-based alloys due to the 
large spin-orbit coupling of the paramagnetic Pt atoms and a strong hybridization 
between their 5d bands and the highly polarized Co 3d bands.
4
 Granular mixtures of 
the magnetic material (L10 CoPt or FePt) and the oxide which isolates the grains 
appear to offer the best combination of small grains associated with high coercivity 
and small exchange coupling. The high Ku value allows smaller and thermally stable 
grains down to 3 nm. Such small grain size is able to increase the areal density 
beyond 1 Tb/in
2
. The review of current L10 CoPt research will be presented in Section 
1.5.1. 
L10 CoPt and FePt also have some disadvantages. First, to achieve the desired 
L10 phase, undesired high deposition temperature or post-deposition annealing 
temperature (>600 
°
C) is required. High temperature increases the grain size which 
effectively reduces the signal-to-noise ratio (SNR). Second, the materials with high Ku 
value cannot be written by current write head due to the limitation of available field of 
the writing head.  
1.2.5 L11 CoPt 
Although L10 phase CoPt is a potential candidate for high density magnetic 
recording media, its ordering temperature is higher than 600 
°
C. Media materials with 
comparable Ku but lower ordering temperature are therefore needed. L11 CoPt with 








C) becomes another media candidate for high density magnetic 
recording. The review of current L11 CoPt research will be presented in Section 1.5.2. 
1.3 Magnetic recording media for next generation 
The performance of recording media is limited by the noise originated from 
the granular microstructure of the thin film. Therefore there is always a trend to 
decrease the grain size. Ultimately, the recording density will be limited by the onset 
of superparamagnetism with loss of recorded signal. Therefore, considerable effort 
has been exerted both in improving current media to compete thermal instability, and 
in designing alternative methods for data storage. Heat assisted magnetic recording 
media, exchange coupled composite media, and patterned media are considered to be 
the most effective methods for the next generation. 
1.3.1 Heat assisted magnetic recording media 
Heat assisted magnetic recording (HAMR) was proposed to improve the 
writability based on temperature dependent magnetic properties of recording media 
material. In HAMR, the recording media is heated during the writing process close to 
its Curie temperature. This reduces the magnetic anisotropy and thus requires only a 
very small field to enable magnetization reversal. The media is then quickly cooled 
back to its initial stage to store the data. HAMR allows the use of large Ku magnetic 
materials as recording media with existing write head. This leads to further reduced 
grain size and increased areal density and SNR. Theoretical calculation has predicted 





However, HAMR suffers from certain major challenges. First, new materials 
for overcoat and lubricant with high temperature stability are required. The Curie 
10 
temperatures of FePt and CoPt are 477 
°
C and 567 
°
C, respectively. However, there is 
currently no overcoat material that can withstand such a high temperature. Second, 
HAMR makes the recording device more complicated. The head structure needs to be 
augmented by a laser to accomplish the heating.
29
 Near field optics are required to 
make the heat spot so small that thermal erasure of the adjacent tracks can be avoided. 
Third, cooling rate is a critical parameter and it requires very fast cooling system so 
that the heating process does not render adjacent grains thermally unstable. This leads 
to an important trade-off between fast heating and rapid cooling, which can be tuned 
with the use of a heat sink layer. The requirements for HAMR media also include 
high anisotropy, a narrow grain size distribution and a very sharp thermal gradient for 
the switching field.
30




1.3.2 Exchange coupled composite media 
At first, titled media was proposed to reduce the switching field because the 
media with easy axis tilted at 45
°
 could significantly reduce the switching field to half 
of that of well-aligned perpendicular media.
32-34
 However, to fabricate tilted disk 
media is a big technical challenge, which prevents it from being industrially realized. 




ECC media consists of magnetically isolated grains which have two regions 
with different magnetic properties. One is magnetically hard and the other is 
magnetically soft. Application of a reverse field initially causes the magnetization of 
the soft region to rotate towards the in-plane direction, and thus changing the angle of 
the effective field (sum of the applied field and the exchange field) to the hard region. 
11 
This reduces the switching field of the hard layer compared to the switching field 
required for the hard layer alone. An increase in the writing field is not required, and 
high Ku materials could be used to support smaller grains for higher SNR without 
compromising thermal stability, thus addressing the trilemma. In addition, ECC media 
switches faster than perpendicular media and are insensitive to a wider range of easy 
axis distribution than that of perpendicular media.
37
 Taking into account that the 
fabrication of ECC media is much easier than tilted media, it is quite promising for 
ultra-high density recording. 
Experimental studies on ECC media were reported based on Co/Pd 
multilayers
35
 and CoCrPt-SiO2 alloy media
38
, but the magnetic anisotropy constant Ku 
were not very high. Girt et al.
39
 examined the Co74Pt22Ni4 based ECC media and 
experimental evidence of domain wall assisted switching was observed in composite 
media. However, there have been relatively few experimental studies of L10 CoPt 
based ECC media. It is known that the magnetic anisotropy constant of CoPt films 
depends on the deposition temperature. High temperature deposition leads to high Ku 
L10 phase CoPt, whereas room temperature deposition leads to low Ku fcc phase CoPt. 
Therefore, it is an ideal homocomposite system to investigate exchange coupling 
effects between the hard and soft layers. Alexandrakis et al.
40
 investigated the CoPt-
based hard-soft homocomposite and found that different anisotropy of hard layer 
introduced different exchange coupling; however, the CoPt film was (111)-textured 
and the effects of different interlayer exchange coupling on magnetic properties and 
reversal behavior have not been fully understood yet. Therefore, the L10 (001) CoPt 
based ECC media need to be studied and the effects of interlayer coupling between 
soft and hard layer should be investigated. Another problem of ECC media is that it is 
difficult to obtain columnar growth of grains throughout hard region and soft region. 
12 
Therefore the mechanism of switching field reduction needs to be determined whether 
it is due to increased Zeeman energy, or due to the help from the soft layer to switch 
the hard layer. 
1.3.3 Patterned media 
Patterned media relies on increasing the volume to solve the thermal stability 
problems. It consists of a regular array of magnetic islands, each of which stores one 
bit. The grains within each patterned island are strongly coupled so that the entire 
island behaves like a single magnetic domain, which is unlike the thin film media. 
The major advantages of such a scheme are as follows: 1) transition noise can be 
eliminated because in patterned media the bits are defined by physical location of the 
islands, not by the boundary between two oppositely magnetized regions of a thin film; 
2) very high storage densities can be obtained because the stability criterion now 
refers to the entire magnetic island, not to the individual grains of which it is 
composed. However, challenges in patterned media are still severe. HGST has 
calculated that for storage density of 1 Tb/in
2
, the islands need to have a center-to-
center spacing of 27 nm. For 10 Tb/in
2
, this spacing reduces to just 9 nm.
41
 However, 
these dimensions are well beyond the resolution of optical lithography  the technique 
used by the electronics industry for integrated circuits. Therefore alternative 
lithographic methods such as e-beam lithography
42
 or nanoimprint replication
30,43,44
, 
have been proposed. However, the throughput of e-beam lithography is low and the 
rotary stage of e-beam tool is expensive. The total cost of pattered media is much 
higher than conventional granular media. Besides the challenges and high cost of the 
media fabrication, the read and write process for pattered media is also different. In 
conventional media, the bit positions are defined by the head position at the time the 
13 
writing field is applied. However, in patterned media, during writing process the 
writing field must be synchronized with the physical location of the magnetic islands 
as these islands pass below the head. Patterned media also suffers from large 
switching field distribution, which is due to two reasons.
42
 One is the intrinsic 
differences between particles in terms of shape, size or microstructure. The other is 
due to magnetostatic interactions between particles. 
Implementation of patterned media requires an entire paradigm shift of the 
HDD industry. The following requirements must be met before areal density larger 
than 1 Tb/in
2
 could be achieved with patterned media: bit feature accuracy, high and 
uniform density over a large area, long range order and arranged in circular array and 
synchronization of writing field and magnetic islands.  
1.4 Structure and physical properties of different phases of CoPt 
Figure 1-1 shows the phase diagram of binary CoPt alloy. Low-temperature 
phase (<825 
°
C) of CoPt exists within the range 4274 at.% Pt. When Pt atomic 
fraction is larger than 75% with temperature below 750 
°
C, CoPt3 phase forms.
45
 
Magnetic ordering temperature reduces with the increase of Pt composition. 
Figure 1-2 shows different structures of CoPt alloy. A1 phase is the stable 
phase for equiatomic CoPt with temperature above 825 
°
C, below which L10 phase 
becomes stable. The A1 phase is a chemically disordered fcc structure, with Co and Pt 
atoms randomly occupying the atomic sites of fcc structure. In each unit cell, there are 
two Co atoms and two Pt atoms with lattice parameter a=3.751 Å. 
14 
 
Figure 1-1 Phase diagram of binary CoPt alloy. (modified from ASM Handbook of 
Alloy Phase Diagrams, ASM International, USA, 1996) 
 
 
Figure 1-2 Different structures of CoPt alloy. 
 
L10 CoPt is face-centered tetragonal (fct) structure. In the ordering process, the 
lattice starts to form layered structure of Co and Pt atoms, which results in a slight 
15 
constriction in the c-axis. The orientation of c direction may grow along either of the 
three <100> axes of the fcc lattice due to the symmetry of fcc phase. The lattice 
parameters of L10 CoPt are a=3.803 Å and c=3.701 Å.
46
  
L12 CoPt3 alloy is formed when Pt atomic fraction is 75% with high 
temperature quenching. L12 phase is fcc structure; but unlike A1 phase, L12 is an 
ordered phase. Co atoms occupy the corner positions of fcc structure whereas Pt 
atoms occupy the face-centered sites. The ratio of the number of Co atoms and Pt 
atoms in an L12 unit cell is 1:3 and the lattice parameter is a=3.831 Å.
47
 
Equiatomic CoPt can also form L11 CoPt as a meta-stable phase. The L11 CoPt 
ordered structure exhibits CuPt-type rhombohedral structure with alternative Co and 
Pt atomic layers stacking along [111] direction. Due to the difference between the 
atomic radius of Co and Pt, the lattice distorts and changes from cubic to 
rhombohedral structure. Each L11 CoPt unit cell consists of 8 atoms with 4 Co atoms 
and 4 Pt atoms. The lattice parameters are a=5.340 Å, and α=61.5°. Similarly, Co3Pt 
does not occur in bulk phase diagram, but Co3Pt meta-stable phase has been reported 
in the form of thin film.
48
 Co3Pt is m-D019 (hcp) structure, which contains a total of 6 
atoms with 14/3 Co atoms and 4/3 Pt atoms. Co atoms sit in the face-centered sites as 

















00( whereas Pt atoms occupy (0100) 
(0010) (0100) and (0010). The lattice parameters are a=2.601 Å and c=4.180 Å. 
1.5 Review of L10 and L11 CoPt based magnetic recording media 
1.5.1 L10 CoPt based magnetic recording media 
In spite of the many advantages of L10 CoPt as discussed in Section 1.2.4, 
some challenges to its utilization as magnetic recording media remain, including 
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decreasing ordering temperature, control of CoPt (001) texture and media noise 
reduction. Research on L10 CoPt has thus been focused on addressing the three 
prominent issues affecting its application. 
1.5.1.1 Decreasing ordering temperature 
The earliest studies of CoPt thin films focused on the growth of continuous 
polycrystalline films and their magnetic properties. As-deposited CoPt films show 
chemically disordered fcc phase and are magnetically soft. To obtain L10 phase CoPt 
films, in-situ heating or post-deposition annealing higher than 600 
°
C is required, 
which is not practical for hard disk drive industry. It is therefore essential to reduce 
the ordering temperature and to enhance the order parameter. The approaches to 
decrease ordering temperature can be divided into three categories: by element doping, 
by stress-induced ordering, and by multilayer structure. 
For element doping method, B, Sn, Pb, Sb, Bi, Ag, Cu and Zr have been 
reported to effectively reduce the ordering temperature.
49-54
 The lowest ordering 




 B was found to be interstitially 
incorporated into CoPt because B had large negative heat of solution with Co and Pt. 
Unlike B, the addition of Sn, Pb, Sb, Bi did not alloy with CoPt. The improvement of 
ordering was aided by defects from the additives during annealing.
53
 In addition to 
these elements, the effects of Cu addition on L10 ordering of thin CoPt films have also 
been reported. Wang et al.
49
 reported that with 6 at.% Cu addition, the ordering 
temperature was reduced to 450 
°
C, which was roughly 150 
°
C lower than needed for 
pure CoPt. Although no literature mentioned the diffusivity of Cu in Co, it has been 
confirmed that Cu can form stable alloys with Pt at around 300 
°
C in bulk material. In 
one of the reports on CoPtCu alloy, Liao et al. attributed the ordering enhancement to 
the diffusion of Cu atoms into the CoPt, which could suppress the activation energy of 
17 
fcc to fct transformation.
55
 In the numerous references of the correlative FePtCu 
system, different explanations co-exist for the mechanism of Cu. Maeda et al.
56
 found 
that the ternary alloy FePtCu formed and Cu substituted Fe site in the lattice. It was 
argued that the Gibbs free energy of the FePtCu alloy was smaller than that of FePt 
and thus the driving force for the fcc-L10 transformation was enhanced. Takahashi et 
al.
57
 attributed the reduced ordering temperature to the reduced melting point and 
therefore enhanced diffusivity of the FePt alloy after Cu addition. However, when 
doping Cu into the L11 CoPt, the ordering temperature cannot be reduced, which will 
be shown in Section 5.2.3. Therefore, the theory of reduced melting point after Cu 
addition could not be the reason.  
Besides the element doping method, stress induced ordering is also used to 
decrease ordering temperature. The phase transformation from fcc to L10 involves the 
lattice constant a becoming larger and c becoming smaller. The method of stress 
induced ordering utilizes lattice mismatch between underlayer and CoPt layer. When 
this lattice mismatch helps expand the a-axis and shrink the c-axis of the CoPt film, it 





, and Au space layer
59
 were used to successfully fabricate the L10 CoPt 
films at reduced temperature. These results indicate that the strain from the lattice 
mismatch favors the ordering of CoPt films and could reduce the ordering temperature.  
The third method to reduce the ordering temperature is alternate monatomic 
layer deposition of Co and Pt. This type of growth follows the crystal structure of L10 
CoPt and therefore reduces the activation energy for fcc-fct transformation.
60, 61
 
1.5.1.2 Control of CoPt (001) texture 
Two methods have been used to control CoPt (001) texture: epitaxial growth 
and non-epitaxial growth. In epitaxial method, oriented films can be produced by 
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depositing the magnetic film either on the textured substrates or on certain textured 
underlayers. It requires the substrate (or underlayer) to have similar atomic 
configuration and small lattice mismatch to those of CoPt (001) plane. With the lattice 
constants of the substrate (or underlayer) along the a axis larger than that of the L10 
CoPt alloy, the CoPt (001) plane which has a larger lattice spacing than the (100) 
plane, will be more stably attached to the underlayer than the (100) plane. Substrates 
or underlayers commonly used are MgO (001), SrTiO3 (001), Ag (100), Au (100). 
Among these underlayers, intense research has been done on Ag.
49, 54, 62-64
 It was 
found that CoPt (001) texture was related to Ag thickness. Suitable Ag thickness was 
favorable to reduce the strain and introduce CoPt islands with (001) texture. However, 
as the Ag thickness increased, the islands coalesced into a continuous film and the 
(111) texture appeared. Apart from that, Ag has low melting point and low surface 
energy. Therefore it is difficult to maintain small grain size at high temperature. To 
date, no appropriate underlayer for L10 CoPt has been developed, as in the case of 
CrRu underlayer for FePt counterpart. Instead, single crystal MgO or SrTiO3 
substrates are widely used to induce CoPt (001) texture.
65
  
The other method of CoPt (001) texture control is the non-epitaxial growth 
proposed by Sellmyer et al.
66
 In this method, (Co/Pt)n multilayer films were deposited 
at room temperature on glass substrates or thermally oxidized Si substrates and were 
subsequently post-annealed in the forming gas (Ar+4% H2) by rapid thermal 
annealing. It is reported that the texture evolution during annealing takes place in 
three stages: (1) initial nucleation of fcc phase nanocrystallites, (2) ordering transition 
which yields two possible orientations (001) and (100), and (3) grain growth and 
coalescence which leads to (111) texture due to the tendency of minimizing surface 
energy. Based on this analysis, Sellmyer et al.
66
 proposed that in order to preserve 
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(001) and (100) orientations, it is essential to suppress particle coarsening in the third 
stage. Therefore many attempts have been made to fabricate L10 phase granular films 
by suppressing grain growth.
67
 B2O3, Ag and B were reported to be doped to the 
(Co/Pt)n multilayer to control the grain size and provide CoPt grain segregation.
63, 68
 
In the case of L10 FePt texture development by non-epitaxial method, C, SiO2, Al2O3, 




1.5.1.3 Media noise reduction 
Another factor in recording media design is the reduction of transition noise. 
The transition noise or the jitter noise in the readback signal is due to the intergranular 
exchange coupling and the magnetostatic interaction. For perpendicular recording 
media, transition noise is closely related to magnetic domain size. Several strategies 













 and ZrO2 
64
, or by alternate multilayer deposition
80
. 
All the doping elements and oxides serve as non-magnetic matrix to isolate the 
grains. This enables each grain to respond to the applied magnetic field independently, 
which in turn leads to high coercivity and low intergranular interactions and thus low 
noise. Interestingly, of all these doping elements and oxides, the CoPt grain size 
decreased steadily with increase of the volume fraction of C doping; whereas for B 
and ZrO2, CoPt grain size firstly decreased and then increased with further B and 
ZrO2 addition. It may be due to the fact that B and ZrO2 could isolate the CoPt grains 
but also could promote grain growth kinetics; whereas C decreases the driving force 
for phase transformation and retards grain growth. L10 CoPt:SiO2 nanocomposite, 
either by co-depositing binary alloy with oxide material, or by multilayer structure, 
20 
has been studied to effectively control the CoPt grain size and intergranular magnetic 
interaction.
54, 78, 81, 82
 However, there are still many open issues about L10 CoPt:SiO2. 
Deep understanding of SiO2 addition on chemical ordering and anisotropy control is 
needed. The growth of the CoPt in terms of texture and anisotropy needs more 
detailed investigation.  
1.5.2 L11 CoPt based magnetic recording media 
Recently the L11 CoPt media films, which were first investigated by Iwata,
45
 
have generated great interest in ultra-high density magnetic recording. The L11 CoPt 
exhibits CuPt-type rhombohedral structure with alternative Co and Pt atomic layers 
stacking along [111] direction. L11 CoPt is easy to exhibit perpendicular magnetic 
anisotropy because the easy axis of magnetization is parallel to the [111] preferred 




) and relatively low 
fabrication temperature (300-400 
°
C) compared to L10 CoPt,
4, 83
 enable L11 CoPt a 
potential candidate for high density magnetic recording media.  
Huang et al. fabricated L11 phase CoPt with Mo seed layer on Al2O3 substrates 
using molecular beam epitaxy (MBE) system.
4
 The effect of Pt content and deposition 
temperature on Ku of the L11 CoPt was investigated by Sato.
83
 Sun et al. examined the 
evolution of CoPt structure on MgO (111) substrate and found phase evolution of A1-
L11-A1-L10 with increasing sputter temperature.
84
 In terms of improving ordering 
degree, substitution of 3d elements for some of Co and Pd for some of Pt in L11 CoPt 
was studied, and Ni was found to be effective to form Co-Ni-Pt ordered film as 
potential recording media.
85
 Different underlayers Ru, Pt, Ag and Au were chosen and 
compared.
86
 It concluded that good (111) texture and smooth surface were essential to 
L11 ordering. Shimatsu et al.
87
 also reported that 5% carbon doping was effective to 
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improve ordering and Ku, but further increase in C content reduced Ku. It was also 
found that C was not homogeneously segregated at grain boundaries, implying a very 
strong intergranular exchange coupling.  
Although much research focused on L11 CoPt, the majority of them were done 
on single crystal substrates. Few literatures reported the growth of L11 CoPt (111)-
textured films on glass substrates. Shimatsu et al.
87
 investigated CoPt films on glass 
substrates. However, CoPt (333) superlattice peaks were absent and order parameter 
was not very high. Since the emergence of this L11 CoPt, issues such as how to 
increase coercivity to realize its high Ku and control of grain size without deteriorating 
the L11 phase remain challenging. Doping Cu into the CoPt thin films may provide a 
way to improve the ordering, because L11 CuPt is thermodynamically stable and has 
similar lattice parameters to those of L11 CoPt, which may possibly preserve or even 
stabilize the L11 ordering of CoPt. 
1.6 Research objectives 
In order to further increase the areal density and overcome the challenges of 
SNR, thermal stability and writability, efforts should be exerted in either improving 
current media to reduce thermal instability, or designing alternative methods for data 
storage. The new technology may require many more years of research before being 
realized in commercial application. Current CoCrPt media has capacity limitation due 
to low Ku. In this thesis, L10 and L11 CoPt were studied as high anisotropy magnetic 
media film candidates, which can be written using existing read-write system to 
increase the areal density. 
The first research objective was to carry out a systematic study of L10 CoPt, in 
terms of film thickness and SiO2 volume fraction on chemical ordering and magnetic 
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properties on MgO single crystal substrates. The use of single crystal allowed for 
better understanding of correlations of growth parameters and media properties. 
However the use of single crystal substrates would not be commercially viable due to 
high cost. Therefore, the development of L10 CoPt films on inexpensive substrates 
such as glass or Si substrates is required. In this thesis, oxidized Si substrates were 
therefore used. The effects of annealing parameters were investigated.  
It is also known that the magnetic anisotropy constant of CoPt films depends 
on the deposition temperature. High temperature deposition leads to high Ku L10 
phase CoPt, whereas room temperature deposition leads to low Ku fcc phase CoPt. 
Therefore, it is an ideal homocomposite system to investigate direct exchange 
coupling effects between the hard and soft layers. The second research objective was 
to study and investigate the L10 CoPt based ECC media and the effects of direct 
interlayer coupling between soft and hard layer with increasing soft layer thickness, 
both experimentally and theoretically. 
The third research objective was to conduct a systematic study of L11 CoPt. In 
previous studies of L11 CoPt, different underlayers have been used to induce the L11 
CoPt (111) texture. However, few literatures investigated the effects of interfacial 
conditions between the underlayer and CoPt layer on chemical ordering and magnetic 
properties. The lattice mismatch between CoPt (111) and MgO substrate was as large 
as 9 %. In this thesis, different underlayers of Ru, Ir and Pt with smaller lattice 
mismatch were used to help induce the L11 CoPt (111) texture. The interfacial effects 
of different underlayers were investigated. As is the case in L10 CoPt, inexpensive 
substrates are needed to develop L11 phase CoPt. Some researchers have reported L11 
CoPt on glass substrates but the order parameter was not very high. Another objective 
of this thesis was to find the optimum sputtering condition for each layer to obtain 
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high chemical ordering and good (111) texture with high anisotropy. The evolution of 
chemical ordering and magnetic properties in terms of CoPt film thickness and 
different intermediate layers were studied. Texture and ordering evolution with 
different Cu doping concentration was also addressed for L11 CoPt film.  
1.7 Thesis outline 
This thesis is organized into 6 chapters. Chapter 1 was an introduction to the 
magnetic recording media. Future recording media such as HAMR, ECC media and 
patterned media for high density magnetic recording were reviewed. State-of-the-art 
research of L10 and L11 CoPt were also reviewed. In Chapter 2, a brief introduction to 
experimental techniques used for sample fabrication and characterization was present. 
In Chapter 3, L10 phase CoPt was developed on both single crystal substrates and 
oxidized Si substrates. In the first part, MgO single crystal substrates were used. The 
effects of CoPt film thickness and SiO2 composition on microstructural evolution and 
magnetic properties of Co50Pt50 thin film media were studied. In the latter part of this 
chapter, post-deposition annealing of CoPt with single MgO underlayer and 
(CoPt/oxide)n multilayer structure were used to develop L10 (001) CoPt media films. 
The effects of annealing time, temperature and film thickness on texture evolution and 
magnetic properties were addressed. In Chapter 4, L10 CoPt based exchange coupled 
composite (ECC) media were fabricated on single crystal substrates. The effects of 
interlayer exchange coupling on switching field and magnetization was analysed. In 
Chapter 5, L11 phase CoPt was developed on single crystal substrates and glass 
substrates. Different underlayers were compared to examine their effects in improving 
the ordering, texture and microstructure of CoPt films. The effects of CoPt film 
thickness, intermediate layer thickness and doping concentration were investigated. In 
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Chapter 6, the conclusion of the thesis was compiled and future works related to the 
L10 and L11 CoPt media were addressed. 
  
25 
Chapter 2 Experimental techniques 
This chapter discusses the basic principles of the sample fabrication and 
characterization methods utilized in the study. The samples were fabricated with 
magnetron sputtering and in some cases followed by rapid thermal processing (RTP). 
The characterization methods mainly include: structural and microstructural 
characterization techniques (RBS, XRD, XRR, TEM, SEM, XPS and EXAFS) and 
magnetic characterization techniques (VSM, SQUID, AGFM, MFM). 
2.1 Sputtering techniques 
The sputtering technique was used to fabricate magnetic media films in the 
present work. It offers many advantages including high deposition rate, excellent film 
uniformity over a large area, great adhesion and applicable to a wide selection of 
materials by using DC (direct current) mode for depositing conductive materials or 
RF (radio frequency) mode for depositing both conductive and insulating materials.
88-
91
 Therefore sputtering technique is one of the most important methods in magnetic 
recording industry to fabricate the recording media and head thin films.
92, 93
  
Sputtering is the ejection of surface atoms from a solid target by the 
bombardment of energetic particles. The sputtering gas is normally inert gas such as 
argon due to its large atomic mass to achieve high sputtering yield. By applying a 
negative direct current voltage or high radio frequency on the target, gas atoms are 
ionized and the positively charged ions of the inert gas are accelerated towards the 
target. These ions then collide with the target and generate atoms from the surface of 
the target due to the momentum transfer between the ions and target, which will be 
deposited on the substrate later. Magnetron sputtering involves the use of a magnetic 
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field generated by a strong permanent magnet behind the target. The electrons are thus 
trapped close to the target with much longer mean free path and higher ionization 
probability. The sputtering rate and subsequent deposition rate are thus increased.  
In this study all films were prepared by ultra-high vacuum magnetron 
sputtering system located in Data Storage Institute (DSI), Singapore. The system 
consists of four target positions and one substrate holder in the center above the 
targets. The sputtering chamber was pumped down to ~10
-8
 Torr base pressure before 
sputtering and then filled with 99.999 % pure Ar gas of a few mTorr as the sputtering 
gas. The substrate holder was rotating at 50 revolutions per minute (rpm) during the 
sputtering process to ensure the uniformity of the films. The sputtering process is 
controlled by the supplied power, the pressure of working gas, the substrate 
temperature, the applied substrate bias and sputtering time. The sputtering rate is 
adjusted by tuning the supplied power and the pressure of the working gas. The film 
thickness is controlled by sputtering time. The composition of the film is controlled 
by simultaneously sputtering different targets (co-sputtering) and adjusting sputtering 
power of respective targets.  
2.2 Rapid thermal processing techniques 
The rapid thermal processing (RTP) has been applied to the processing of 
magnetic materials. The high heating and cooling rates help control the construction 
of material structure by expediting phase transition and material morphology control, 
which cannot be reached by conventional furnace treatments. Another advantage of 
RTP is the grain size reduction. Rapid heating promotes nucleation and increases the 
number of nuclei, which reduces the average grain size. The third advantage of RTP 
over conventional furnace treatment is the control of grain boundary diffusion, which 
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reduces intergranular exchange coupling and thus media noise. The fourth advantage 
of RTP is the improvement of surface roughness by reducing grain size and its 
distribution.
94-97
 There are three types of RTP: adiabatic, thermal flux and isothermal 
annealing.
98
 Adiabatic annealing uses extremely high energy on the sample surface 
firstly within several nanoseconds and provides huge vertical temperature gradient. 
Thermal conduction occurs subsequently from surface to the interior. Thermal flux 
annealing uses a localized energy distribution and sweeps the energy across the whole 
sample surface. Large vertical and lateral temperature gradients are therefore 
produced. Isothermal annealing utilizes broad area optical illumination and thus 
slower than the other modes. However, more uniform heating profiles can be found 
both vertically and laterally. Therefore isothermal annealing is more common in use. 
In this study, RTP was used for phase transformation of the as-deposited samples 
from fcc to L10 structure. 
2.3 Structure and microstructure characterization 
2.3.1 Rutherford Backscattering Spectroscopy (RBS) 
Rutherford Backscattering Spectrometry (RBS) is a widely used nuclear 
method for elemental analysis near the surface area. It is fast and non-destructive with 
high precision (typically ± 3 %) and high sensitivity.
89
 The sample is bombarded with 
ions at energy in the MeV-range (typically helium ions). A fraction of the incident 
ions are scattered backwards from the target atoms after colliding with atoms in the 
near surface region. The number and energy of the backscattered ions are recorded 
with an energy sensitive detector. Since the relative number of backscattered ions for 
a given number of incident ions is proportional to the concentration of target atom, it 
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is possible to determine atomic mass and elemental concentration.
99, 100
 When probing 
particles penetrate into the target sample, their energy will dissipate due to 
interactions with electrons and collisions with the nuclei of target atoms. The 
dependence of energy loss per distance on the sample composition and density 
enables depth profiling of RBS measurements. In the present study, RBS 
measurement was performed using a collimated beam of 2 MeV He
+
 ions at normal 
incidence under high vacuum conditions. Backscattered ions at 101.25 were 
measured using an ORTEC ultra solid state detector. The measured spectra were then 
fitted using the SIMNRA software to probe the depth profile of the L11 CoPt with 
different underlayers. 
2.3.2 X-ray diffraction (XRD) 
The X-ray diffraction technique utilizes Bragg's law to obtain structural 
information about the thin films.
101, 102
 In this study, both the θ/2θ diffractometer and 
high resolution diffractometer with Cu Kα radiation were used to identify the 
crystallographic phases of the thin films, determine the lattice constants, and 
investigate the epitaxial relationship and preferred orientation of thin films. The XRD 




Figure 2-1 Geometry of X-ray diffraction technique. 
 
2.3.2.1 X-ray powder scan (θ-2θ scan) 
For thin film media, θ-2θ scan is utilized to investigate the crystallographic 
texture of polycrystalline thin films. In this method, the sample moves by the angle of 
θ and the detector turns by the angle of 2θ simultaneously whereas the X-ray tube is 
stationary. In this way the incident beam at an angle θ with respect to the film surface 
makes an angle 2θ with respect to the diffracted beam. It can detect the lattice planes 
of the crystal parallel to the film plane. The intensity at each 2θ angle is plotted as a 
function of 2θ value. By comparing the positions of the plotted diffraction peak to the 
standard database from the Joint Committee on Powdered Diffraction Standard 
(JCPDS), crystal phases can be determined. 
2.3.2.2 Rocking curve measurement (ω scan) 
Single crystal materials have perfect lattice which extends through the crystal 
structure whereas polycrystalline materials have so-called mosaic structure which 
consists of many tiny blocks. The mosaic distribution and the quality of film texture 
can be measured by rocking curve, which is also called ω scan. By fixing the detector 
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at 2θ with respect to the incident beam, and scanning around the angle θ between 
incident beam and the normal direction of film plane, the rocking curve of the peak at 
an angle 2θi can be measured. The quality of texture parallel to the film plane can be 
examined by the full-width at half-maximum (FWHM or Δθ50) of the rocking curve. 
Large Δθ50 means a wide angular distribution of the Bragg diffraction peak. 
2.3.2.3 In-plane diffraction measurement (Φ scan) 
From Bragg’s diffraction along the substrate normal direction, the out-of-plane 
information of the crystal could be obtained. To confirm epitaxial growth, additional 
Bragg reflections lying in the off-specular directions are required. In the in-plane 
diffraction measurement (Φ scan), samples are parallel to the diffraction plane and the 
incident beam is at a grazing angle. Φ scan can measure lattice planes perpendicular 
to the sample surface due to the grazing angle of the incident beam and nearly parallel 
diffracted beams to the sample surface. 
2.3.2.4 Size-strain analysis 
Several sources may contribute to line broadening in the XRD spectrum, 
including instrumental broadening, crystallite size broadening and strain broadening. 
Any deviation from the perfect crystallinity gives rise to a certain broadening of the 
diffraction peaks. Crystallite size or coherent length corresponds to the size of a 
coherent diffracting domain, not generally the same as particle size due to the 







size  , where K is the Scherrer constant (usually assuming K=1), 
λ is the wavelength of the radiation, β is the integral breadth of a reflection located at 
2θ, not the FWHM. Integral breadth is the width of a rectangle with the same height 
and area as the diffraction peak, whereas FWHM is the width of the peak at half of its 
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maximum intensity. For a polycrystalline powder material, the crystallite size along 
the film normal direction can be estimated using the Scherer equation if the individual 
crystal is less than 100 nm.
103
 Strain broadening (also named lattice strain or micro-
strain) consists of uniform and non-uniform strain. Uniform strain arises due to the 
change in the unit cell parameters and thus peaks shift without broadening. Non-
uniform strain means the systematic shifts of atoms from their ideal positions due to 
point defects, plastic deformation or poor crystallinity, which leads to peak 





strain . After 
correcting the instrumental effect, which is β2inst = 0.06º for our Philips X’pert X-ray 
diffractometer, the observed broadening is 
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 where θ0 is the peak maximum and e is the upper 
limit of the lattice distortions. From the slope and ordinate intercept, the coherent 
length and distortion parameters in a direction normal to the diffraction planes can be 
determined. 
2.3.3 X-ray reflectivity (XRR) 
XRR is a non-destructive and non-contact characterization technique for the 
investigation of the near surface region of the sample. A monochromatic X-ray beam 
irradiates the sample at a grazing angle and the reflected intensity is recorded. For 
incident angle above a critical angle (below which total external reflection occurs), 
reflection occurs at the top and bottom surfaces of the film, which results in 
interference fringes. The period of the interference fringes and the reduction of the 




XRR specular profiles can be fitted following the Parrat approach,
107
 by slicing the 
film in several layers with different electron densities and thicknesses. It is possible to 
gain information on film thickness (0.1-1000 nm) with a precision of about 1-3 Å. 
This technique is also employed for the determination of density profiles of near 
surface regions (~1 %) and roughness of surfaces and interfaces (0.1-5 nm). 
2.3.4 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is one of the most efficient 
characterization tools to investigate the microstructure of samples.
101, 108, 109
 It can 
provide two operation modes and obtain both images and diffraction patterns of the 
samples with resolution down to 0.16 nm due to small wavelength of the electrons.
99
 
The grain morphology of all interested layers can be examined from both plane-view 
and cross-section images. Small size grains, grain orientation and lattice can be 
observed by high resolution TEM. 
For bright-field (BF) imaging, an aperture is placed in the back focal plane of 
the objective lens which allows the electrons in the transmitted beam to pass and the 
BF image is obtained from only the central transmitted electron beam. For dark-field 
(DF) imaging, the image is obtained when the objective aperture is positioned off-axis 
from the transmitted beam in order to allow only diffracted beam to pass. The central 
transmitted beam contains information from all the lattice planes, so the BF images 
exhibit grains with all orientations. However, the diffraction electron beam contains 
information from certain lattice planes, and therefore the DF images only show the 
grains with certain orientation. For high-resolution TEM (HRTEM) imaging, the 
image is formed by the interference of both diffracted and transmitted beam by using 
a large objective aperture. The crystal structure can be obtained by using the 
33 
diffraction mode in TEM. The diffraction pattern of single crystalline is a group of 
spots, representing the corresponding lattice planes. For polycrystalline sample, the 
selected area diffraction (SAD) pattern is a group of concentric rings due to the 
random orientation of individual crystals in the sample. The dhkl spacing of the crystal 
planes can be calculated by measuring the radius of the diffraction pattern. 
In this study, the TEM samples were prepared by mechanical polishing and 
ion milling. JEOL 3010 and JEOL 2010 model of TEM with respective accelerating 
voltage of 300 keV and 200 keV were used for sample characterization. 
2.3.5 Scanning electron microscope (SEM)  
The scanning electron microscope (SEM) images a sample by using a focused 
high-energy electron beam to generate a variety of signals at the sample surface by 
electron-sample interactions. These signals include secondary electrons, backscattered 
electrons, diffracted backscattered electrons, photons, visible light and heat. In SEM, 
backscattered electron and secondary electron are the principal signals used to form 
images. Data are collected over a selected area of the sample surface, and a 2-
dimensional image of morphology is generated with areas ranging from 1 cm to 5 
microns in width (magnification ranging from 20× to 30,000×, spatial resolution of 
50-100 nm). SEM is also capable of performing analyses of selected point locations, 
which is especially useful in determining chemical compositions using Energy 
Dispersive Spectrometer (EDS). The combination of high magnification, high 
resolution and the ease of sample preparation and observation makes SEM one of the 
most heavily used instruments in current research areas. 
34 
2.3.6 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) uses X-rays to knock out the 
electrons of inner-shell orbitals in order to study the electronic state and composition 
of the surface region of a sample.
110
  
The binding energy (BE) is the required energy to excite the electron from its 
core level to the vacuum level. Therefore the kinetic energy (KE) of the photoelectron 
is expressed as   BEhKE  where hν is the energy of the photon and Φ is the 
working function of the spectrometer. Each element is corresponded with a 
characteristic set of peaks in the photoelectron spectrum with respective binding 
energies. Therefore from the presence of peaks at certain energies, the existence of a 
specific element in the sample could be determined. Moreover, the binding energy of 
an electron depends on the oxidation state and the environment of the atom. The 
change of chemical binding state leads to the change in the binding energy of the core 
electron of an element, which leads to chemical shifts of the peaks. Therefore XPS 
could be used to investigate the composition and the associated chemical bonding 
states. Besides, with energetic ion beam sputtering, which is destructive process, the 
interior information of the sample can be obtained. Therefore the sequential sputtering 
and spectra acquisition can provide the depth profile of elemental composition. 
In the present study, XPS was used to investigate the composition and the 
depth profile of the samples.  
2.3.7 X-ray absorption spectroscopy  
The X-ray absorption spectroscopy using synchrotron radiation has been 
applied extensively to determine the electronic, structural and magnetic properties of 
the substance. The physical process of X-ray absorption involves the excitation of a 
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deep core level electron to an empty state above the Fermi level of the material, with 




X-ray absorption fine structure consists of two parts: the X-ray absorption 
near-edge structure (XANES), and the extended X-ray absorption fine structure 
(EXAFS).
112, 113
 XANES refers to fine structures near the absorption edge, extending 
typically up to 50-100 eV. It provides information about the electronic properties of 
the absorbing atom. Whereas EXAFS is associated with the oscillation that extends to 
1000 eV from the absorption edge and it is used to determine the local atomic 
environment around the absorbing atom. When the ejection of photoelectron happens 
due to absorption of the incident X-ray photon, the outgoing wave will be scattered by 
the surrounding atoms. The constructive and destructive interference between the 
outgoing wave and the backscattered wave lead to the oscillatory profile of EXAFS 
signal. The backscattering amplitude and energy shift depend on the type of the 
absorbing atom and the surrounding atoms, and the distance between them. Therefore 
the information regarding the local atomic environment of the absorbing atom can be 
obtained by analysing EXAFS data. The schematic diagram of propagation of 
outgoing wave, generation of backscattered wave and interference between outgoing 




Figure 2-2 Schematic diagram of radial portion of the photoelectron waves. The solid 
lines indicate the outgoing waves, and dotted lines indicate the scattered waves from 
surrounding atoms. 
 
Below is the single electron single-scattering approximation formula
114, 115
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 is the degeneracy of path, which is not always equal to the coordination 
number due to the multiple scattering; Ri is the path length; S0
2
 is the amplitude 
reduction factor taking into account of the overlap of initial and final wave functions 
of passive electron; λ is the mean free path of photoelectron; Fi(k) is the effective 
backscattering amplitude from each shell; R0 is the initial path length and ΔR is the 
change in half-path length. σi
2
, the relative mean square displacement of distance R, is 
associated with thermal and static displacements of atoms about their equilibrium 
positions. The atoms thermally vibrate around the equilibrium positions, generating 
thermal displacement. Defects or disorder may generate additional static displacement 
from their equilibrium positions. Both of the displacements contribute to the reduction 
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of EXAFS amplitude. The above parameters can be either fixed (―set‖ in the Artemis) 
or allowed to change (―guess‖ in the Artemis) when an EXAFS spectrum is fitted. 
Local atomic environment information can be obtained from the EXAFS data analysis. 
One of the advantages of EXAFS is that long-range order is not required 
because the interference of outgoing and back-scattered wave is from the central atom, 
and the mean free path of photoelectrons is just several Å. Therefore EXAFS could 
yield information about the local atomic environment. This is quite different from 
diffraction techniques, which provide a macroscopic average of atomic coordinates. 
Furthermore, the polarization dependent EXAFS could provide anisotropic structural 
information for both in-plane and out-of-plane directions with respect to the sample 
surface.
116-119
 The effective coordination number Nj
*
 depends on the angle between 
electric field vector E of incoming beam and the radius vector between the central 
atom and neighboring atoms, and is given by   
   ∑        
  
    for K edge, 
117, 119
 
where θij is the angle between the electric field vector E and the radius vector from the 
absorber to the j
th
 neighboring atoms in the i
th
 coordinating shell. In the out-of-plane 
measurement (E vector is perpendicular to the film surface), the atoms within the 
plane do not contribute to the EXAFS signal since their radial vectors are 
perpendicular to the E vector. Whereas in the in-plane EXAFS measurement (E vector 
lies in the plane of the sample), all atoms (both intra-plane and inter-plane) contribute 
to the EXAFS signal, except those whose radial vectors are 90º to E vector. In this 
way, the local atomic environment (both inter-plane and intra-plane) around the 
element of interest (absorber) could be investigated by polarized EXAFS.  
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2.3.7.1 EXAFS data collection  
The data were collected at the 20 BM beam line of Advanced Photon Source, 
Argonne National Laboratory, IL, USA. The measurement was conducted at room 
temperature in fluorescence mode with a solid state Ge detector. For every sample, 8 
scans were taken in the in-plane and out-of-plane polarization geometries, 
respectively, at Co-K edge (7709 eV), Cu-K edge (8979 eV) and Pt-L3 edge (11564 
eV). However, during the out-of-plane measurement of Pt-L3 edge, an unwanted peak 
corresponding to As-K edge from glass substrate at 11867 keV appeared, making the 
EXAFS data range too short to analyze after removal of EXAFS signal above the As-
K edge. Therefore Pt-L2 edge (13273 eV) was used instead of Pt-L3 edge.  
2.3.7.2 EXAFS data analysis  
A typical EXAFS raw spectrum is a plot of the absorption versus incident 
photon energy. Figure 2-3 (a) is an example of Co foil raw spectrum. Before fitting, 
the spectrum needs to conduct background removal and signal normalization with 
Athena software. One example of the normalized EXAFS spectrum is shown in 
Figure 2-3 (b). The chi data is then extracted in a k-range with a suitable number of 
spline and k-weight. Figure 2-3(c) shows the chi data for k-weight=2 in the k-range 
3.34 ≤ k ≤ 13.95. To extract the detailed information such as coordination number and 
radial distance, the chi data needs to be Fourier transformed. That is ,  (k) is weighted 
by k
2
 to amplify the oscillation at high k and the  (k)k2 functions are Fourier 
transformed in R space to generate the  (R) versus R (or FFT-EXAFS) spectra in 
terms of the real distances from the absorbing atom. The Fourier transform of the 
above foil chi data is given in Figure 2-3 (d). The FFT data is then fitted by Artemis 





Figure 2-3 (a) Experimental EXAFS raw spectrum of Co foil at Co-K edge, (b) 
Normaized EXAFS spectrum, (c) Chi data of EXAFS spectrum, and (d) Fourier 
transform of EXAFS spectrum.  
 
In this study, local atomic environment of Cu doped L11 CoPt was obtained 
from Cu-K, Co-K and Pt-L2 edges with EXAFS. It helped us understand whether the 
additive Cu forms a secondary nano-phase or alloys with L11 CoPt.
112
  
2.4 Magnetic properties characterization 
2.4.1 Vibrating sample magnetometer (VSM) 
Many methods have been employed to measure the magnetic moments, which 
can be divided into two categories: (a) force techniques which measure the force 
exerted on a magnetized sample in a magnetic field gradient. The main instrument 
based on this method is the Alternating Gradient Force Magnetometer (AGFM), 
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which will be illustrated in the Section 2.4.3; (b) inductive techniques which measure 
the voltage induced by a changing flux. The most important instrument using this 
technique is the Vibrating Sample Magnetometer (VSM). VSM is the prevalent 
instrument to measure the basic magnetic properties of materials as a function of 
magnetic field, temperature and time. VSM is so named because the sample 
physically vibrates, typically at frequencies between 50 to 100 Hz.
120
 The movement 
of the sample in the applied magnetic field alters the magnetic flux through the pick-
up coils, which causes an induction voltage in the coils according to Faraday’s law of 
magnetic induction. The induction voltage is proportional to the sample's magnetic 
moment, but not to the strength of the applied magnetic field. 
In this study, a Lakeshore 7400 VSM with 20 kOe maximum applied field was 
employed to conduct the hysteresis loop, DC demagnetization curve and angular 
dependence of coercivity and remanent coercivity measurement. All the samples (5×5 
mm) were measured at room temperature. The in-plane state corresponds to the 
sample surface parallel to the applied field direction, whereas the out-of-plane state 
means the sample surface normal to the applied field direction. 
2.4.1.1 Measurement of hysteresis loop  
For hysteresis loop measurement, a DC magnetic field (Hmax) strong enough to 
saturate the sample was applied and then decreased step by step to -Hmax. At each step, 
the magnetic moment was measured. For the full hysteresis loop, in the reverse 
direction the applied filed was changed from -Hmax to Hmax. By plotting the 
magnetization (M) versus the applied magnetic field (H), a hysteresis loop (M-H loop) 
was obtained. A typical hysteresis loop is shown in Figure 2-4. From the hysteresis 
loop, the following magnetic properties can be obtained: the saturation magnetization 
Ms (the magnetization when the applied field is large enough to saturate the sample), 
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remanent magnetization Mr (the remained magnetization when the applied field is 
removed), and coercivity Hc (the negative magnetic field at which magnetization 
reaches zero after saturating the sample in the positive field). Magnetization 
squareness S could be extracted from the hysteresis loop as S= Mr/Ms.  
 
 
Figure 2-4 A typical hysteresis loop. 
 
2.4.1.2 Measurement of DC demagnetization curve 
For the DC demagnetization (DCD) curve measurement, a 20 kOe magnetic 
field was first applied to magnetize the sample to saturation and then removed. 
Thereafter a reverse field was applied to the sample and then removed. This procedure 
is repeated with successively increased reverse field until the saturation is reached in 
the opposite direction. The DCD curve is obtained by plotting the remanent 
magnetization versus the corresponding applied reverse field at each step. A typical 




Figure 2-5 A typical DC demagnetization curve. 
 
2.4.1.3 Measurement of angular dependence of coercivity and remanent coercivity 
Remanent coercivity (Hcr) is defined as the field at intersection point of the 
DCD curve and the zero magnetization line, as shown in Figure 2-5. By rotating the 
sample, the external magnetic field can be applied at different angles with respect to 
the film plane, thus Hc and Hcr at different angles can be measured. In this thesis, 
CoPt alloy with the easy axis along the film normal was studied. Therefore,   (the 
angle between the easy axis and the applied field direction) was defined with respect 
to the film normal. As a result 
o0  is considered as Hc() or Hcr(). The reversal 
mechanism can be divided into two types: (1) coherent rotation following the Stoner-
Wohlfarth (S-W) theory, and (2) domain wall motion following the Kondorsky’s 
model. According to the S-W theory, which is based on the assumption of non-
interacting magnetically isolated grains, coercivity is defined by equations 
2/33/23/2 )sin(cos)(/)(   cc HH  for 
o45  and  cossin)(/)( cc HH  
for
oo 9045  .121-123 According to Kondorsky’s model, coercivity is given by 
 cos/1)(/)( cc HH  for 
oo 900  .124 Angular dependent Hc based on these 
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two models are shown in Figure 2-6. The angular dependent Hcr is given by 
2/33/23/2 )sin(cos)(/)(   crcr HH  for 
oo 900  according to the S-W model. 
 
 
Figure 2-6 The angular dependence of Hc based on S-W rotation model and domain 
wall motion model. 
 
2.4.1.4 Measurement of initial magnetization curve 
Another method to investigate the magnetization reversal mechanism is initial 
magnetization curve. All samples were AC demagnetized before measurement. 
Positive magnetic field was applied gradually until the film reached saturation. The 
field axis was normalized with respective coercivity to exclude the effects of 
magnetocrystalline anisotropy.  
2.4.2 Superconducting Quantum Interference Device (SQUID) 
Superconducting quantum interference device magnetometer (SQUID) is 
based on the Josephson junction effect.
109
 It utilizes the quantum properties of closed 
superconducting circuits and works basically as a converter of flux-to-voltage with 
high sensitivity. As the sample passes through the SQUID pick-up coils, the magnetic 
flux through the superconducting loop changes due to this movement. The voltage of 
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the junctions oscillates with a period equal to the quantum flux so that the change of 
the magnetic flux can be calculated by counting the number of oscillations and 
converted back to moment. The sensitivity of SQUID is usually up to 10
-8
 emu, which 
is two orders of magnitude more sensitive than that of VSM (10
-6
 emu). 
In the present study, a superconducting quantum interference device (SQUID, 
MPMS, Quantum design, USA) with a maximum applied field of 30 kOe was used at 
room temperature for initial magnetization curve measurement of (CoPt/MgO)n 
multilayers. SQUID was also used to measure the out-of-plane and in-plane hysteresis 
loops of the samples at 10 K to investigate the magnetic properties at low temperature. 
2.4.3 Alternating gradient force magnetometer (AGFM) 
The alternating gradient force magnetometer (AGFM) has significantly low 
noise level, around 10
-8
 emu compared to 10
-6
 emu of that of VSM. During the 
measurement, the sample is cut into 3 mm  3 mm, mounted on a non-magnetic probe 
and suspended in the gap between a pair of the magnet poles and coupled AC field 
coils. The magnet poles provide a strong field to magnetize the sample in the 
measuring directions. The alternating gradient field coils exert a periodic force on the 
sample and deflect the sample with the magnitude proportional to the moment of the 
sample. The deflection of the probe is measured by a piezoelectric sensor attached to 
the probe. When the AC field is tuned at the mechanical resonant frequency of the 
probe, the deflection of the probe is amplified. Therefore, the hysteresis loop of the 
sample can be obtained by detecting the corresponding piezoelectric voltage signal 




The AGFM used in the present study was Model 2900 MicroMag
TM
 System 
(Princeton Measurement). It was used to obtain the thermal stability factor of the ECC 
media by measuring the magnetization decay versus time. 
2.4.3.1 Measurement of thermal stability factor 
The thermal stability of magnetic recording media is associated to the stability 





  where E is the energy barrier between two magnetic 
states with the lowest energy in a grain and 0 is the inverse of the attempt frequency. 
The average lifetime  of recording media is usually a few years and we cannot obtain 
the energy barrier by extracting it from  experimentally. Therefore an opposite 
external field was applied to fasten the decay of magnetization. The thermal stability 
at zero field could thus be estimated from the decay of the magnetization at finite field 









  for the Stoner-Wohlfarth particles, where 
H0(θ) is the Stoner-Wohlfarth switching field when the external field is applied at an 
angle θ with respect to the easy axis. Therefore we can substitute the Arrhenius-Néel 













HtH   where V the magnetic switching volume, f0 the 




. In order to measure the 
thermal stability factor, remanent coercivity Hc(tc) is measured for applied field at 
different time duration tc. The results are fitted to the Sharrock’s formula. A plot 
between Hc and [ln(f0tc/ln2)]
1/2
 shows a straight line with H0 as the intercept and -
H0(kBT/KuV)
1/2
 as the slope. The thermal stability factor KuV/kBT is calculated from 
parameters deduced for intercept and slope by linear data fitting. 
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2.4.4 Magnetic force microscopy (MFM) 
Magnetic force microscopy (MFM), a variation of conventional non-contact 
atomic force microscopy (AFM), is commonly used to detect the magnetic structure 
of materials. The measurement process is as follows. In the first pass, topographical 
data is taken in the tapping mode. The tip is then raised to a certain scan height in the 
second pass with a constant separation between the tip and sample surface. During the 
second pass, the long-range magnetic forces are detected which shift the resonance 
frequency of the cantilever and produce the magnetic image. The short-range Van der 
Waals forces vanish and thus the influence of topography can be minimized in the 
second pass.
126
 Therefore both the topography and the magnetic image can be 
obtained simultaneously for the same area.  
In the present study, the magnetic domain structures of as-deposited films 
were studied by MFM. 
2.4.5 Measurement of magnetocrystalline anisotropy constant 
In this study, the magnetocrystalline anisotropy constant Ku value is 
determined by the following three methods: the area enclosed between the in-plane 
and out-of-plane hysteresis loops, the 45° method and the law to the saturation. 
2.4.5.1 Measurement of Ku by area enclosed between the in-plane and out-of-plane 
magnetization curves 
If the film is saturated in both in-plane and out-of-plane directions and has 
obvious anisotropy, the value of Ku can be calculated by measuring the area enclosed 
between magnetization curves of the in-plane and the out-of-plane directions in the 
first quadrant of hysteresis loop. For the samples in the present study, the in-plane 
hysteresis loops were not fully saturated even under maximum applied field. 
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Therefore saturation field of in-plane direction was obtained by extrapolating both the 
in-plane and the out-of-plane M-H loops corresponding to the anisotropy field Hk. 
2.4.5.2 Measurement of Ku by the 45° method 
The anisotropy constant can also be measured by the 45° method.
127, 128
 First 
the sample was saturated by applying a strong magnetic field along the perpendicular 
direction and then the sample was put to its remanent state by removing the applied 
field. Thereafter a magnetic field with increasing magnitude is applied at an angle of 
45° from easy axis direction and magnetization along the applied field direction could 
be obtained. The total magnetic energy is given by
, where m denotes the angle of the 
magnetization from the film normal, and H denotes the angle of the applied field 
from the film normal, which is 45° in this case. The schematic graph is shown in 
Figure 2-7. The equilibrium position can be determined by minimizing the total 
energy, i.e., ∂E/∂m=0 and thus . 
This equation can be rewritten as: , where  and 
. By taking (1-m
2
) as the horizontal axis and αH as the 
vertical axis, the curve according to the above equation can be plotted. From the 
intersection and the slope, K1
eff
 and K2 can be determined. The intrinsic anisotropy 
constant K1 can be obtained by correcting K1
eff











eff HMKKE  
)sin(2sin)sin2( 221 mHsmm
























Figure 2-7 Schematic graph of the 45° method. 
 
2.4.5.3 Measurement of Ku by the law to the saturation 
For isotropic materials, the magnetic anisotropy cannot be estimated by 
calculating the areas enclosed between the out-of-plane and in-plane hysteresis loops. 
It could be calculated using the law of approach to saturation. A magnetic hysteresis 
loop can be subdivided into two regimes, as shown in Figure 2-8. One is the 
irreversible part, where the upper and lower branches are separated and the other is 
the reversible part (also denoted as approach to saturation part) at high field values, 
where both branches coincide. It is usually assumed that when the magnetization 
approaches saturation, the change in magnetization is achieved only by rotational 
process toward the direction of external field. The magnetization curve at high field 
can generally be expressed by , where a/H term 
is related to the existence of inhomogeneities and theoretically should vanish at high 
field. The b/H
2
 term is related to the magnetocrystalline anisotropy, where 
 for uniaxial symmetry and  for cubic symmetry. 






























magnetization curve at high field could be used to fit the approach saturation part and 









Chapter 3 Development of L10 phase CoPt on single crystal substrates and 
oxidized Si substrates 
As reviewed in Chapter 1, L10 phase CoPt is considered as a potential 
candidate for areal density beyond 1 Tb/in
2





 and corrosion resistance
5, 6, 131
. In this chapter, L10 CoPt with (001) texture were 
systematically studied on MgO single crystal substrates and oxidized Si substrates.  
3.1 Development of L10 phase CoPt on single crystal substrates 
As-deposited CoPt film shows fcc phase. To achieve the desired L10 phase, 
undesirably high deposition temperature or post deposition annealing at temperature 
higher than 600 ºC is required.
50, 53, 54, 132
 High temperature increases the grain size 
which effectively reduces the signal-to-noise ratio (SNR). Several strategies have been 
adopted to control the grain growth either by reducing the ordering temperature by 
impurity doping
52, 53
, co-depositing binary alloy with oxide materials
54
, or by forming 
ordered L10 CoPt from epitaxial Pt/Co multilayers
60
. L10 CoPt–SiO2 nanocomposite 
has been studied to control the CoPt grain size and intergranular magnetic 
interaction.
54, 78, 81, 82
 However, the effects of SiO2 addition on chemical ordering have 
not been investigated in details. In this section, the effects of CoPt film thickness and 
SiO2 doping composition on chemical ordering and resultant magnetic properties of 
CoPt were investigated on single crystal substrates. 
3.1.1 Experimental methods 
To investigate the effects of CoPt film thickness, CoPt films with different 
thicknesses (2.5, 5, 10, 15, 20 and 50 nm) were sputtered from Co50Pt50 composite 
51 
target on MgO single crystal substrates. The base pressure of the sputtering chamber 
was under 3×10
-7
 Torr. To investigate the effects of SiO2 doping concentration, 
equiatomic CoPt films with different volume percentages of SiO2 (0, 5, 10, 15, 20 and 
25%) were co-sputtered from Co50Pt50 composite target and SiO2 target at 600 ºC. The 
volume fraction of SiO2 during sputtering was controlled by adjusting the deposition 
power of pre-determined deposition rate. The thicknesses of the CoPt-SiO2 films were 
fixed to 10 nm for all samples. The base pressure of the sputtering chamber was under 
3×10
-6
 Torr. The films were deposited at 3mTorr Ar.  
3.1.2 Effects of CoPt film thickness on microstructural evolution and magnetization 
reversal mechanism 
Figure 3-1 shows the θ-2θ XRD scans of the as-deposited samples with 
different thickness. Only (001) and (002) peak were associated with CoPt thin film. 
All the other peaks were from MgO substrate. Diffraction peaks of L10 CoPt (001) 
were detected for all the films except the thinnest 2.5 nm film, indicating the 
formation of L10 ordered structures for films with thickness ≥ 5 nm. Variation of 
[I(001)/I(002)]
1/2
, where I(001) and I(002) are integrated intensity of (001) and (002) 
peaks, was plotted as a function of film thickness in Figure 3-2 as an indicator of 
order parameter S.
133
 It increased with increasing film thickness from 0.57 
(corresponding to 5 nm CoPt) to 0.77 (corresponding to 10 nm CoPt) and saturated 
with further increasing film thickness. The absence of CoPt superlattice (001) peak 
for 2.5 nm CoPt and the low order parameter for 5 nm CoPt were due to the large 
lattice mismatch between CoPt and MgO (9%) that hindered L10 ordering during the 
early stages of growth. Similar results were also reported by others claiming that the 
stress was released when the film thickness increased through microtwins, which were 
52 
formed by the pileup of dislocations across the CoPt film thickness.
134, 135
 The relaxed 
stress can account for the enhancement in the degree of chemical ordering of the 10 
nm CoPt films. It is possible that the stress was completely relaxed with 10 nm CoPt 
and therefore further increasing film thickness would not change the chemical 
ordering. Moreover, the fcc-fct phase transformation in CoPt layer was reported to be 
a diffusion-based process related to vacancy mechanism.
136
 The activation energy was 
the sum of the energy needed for vacancy formation of the constituting atoms and the 
energy for the mobility of diffusing atoms. Therefore thinner layers might hinder the 
nucleation of ordered phase due to shortage of nucleation sites and thus smaller 
amount of ordered phases and lower chemical ordering than the thicker films. 
 
 
Figure 3-1 θ-2θ XRD scans of the CoPt films with different thickness. 
 
The easy axis distribution, which was estimated from the rocking curve of L10 
CoPt (111) peak, was plotted in Figure 3-2 as a function of film thickness. The texture 
of the CoPt film was improved with increasing film thickness. The coherent length of 
the CoPt grain was calculated using integral breadths method to differentiate size and 
strain effect on peak broadening, as shown in Figure 3-2. The coherent length was 
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found to increase with increasing film thickness, indicating the grain growth along the 
film normal direction. 
 




























































Figure 3-2 Variations of [I(001)/I(002)]
1/2
, coherent length and θ50 of CoPt (001) as 
a function of CoPt thickness. 
 
Out-of-plane coercivity Hc() was extracted from the hysteresis loops and was 
plotted as a function of film thickness in Figure 3-3. It first increased with increasing 
film thickness till 10 nm, and decreased with further increasing film thickness to 15 
and 50 nm. The smaller coercivity associated with 5 nm CoPt was due to the lower 
chemical ordering degree as described earlier. The variation of coercivity could also 
be explained by magnetization reversal mechanism. The angular dependence of Hc of 
selected samples was plotted in Figure 3-4. For thinner films with 5 nm and 10 nm 
thickness, a closer resemblance to the S-W model was obtained when compared with 
54 
domain wall motion model. For 50 nm CoPt film, the magnetic reversal mechanism 
approached to domain wall motion. Therefore the change of magnetization reversal 
from S-W rotation model for thinner film to domain wall motion model for thicker 
film could be responsible for the reduced coercivity with increasing film thickness. 
 
 
Figure 3-3 Variation of Hc() as a function of film thickness. 
 
        
Figure 3-4 Angular dependence of the coercivity of 5, 10 and 50 nm CoPt films. 
 
The size of the ordered fct CoPt grain was presumed to decrease with 
decreasing film thickness. In the film normal direction, the decreased grain height 
with decreasing film thickness could be confirmed from Figure 3-2 by the variation of 
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the coherent length. The planar grain size could be measured by plane-view SEM 
images shown in Figure 3-5. The grain size of 5 nm CoPt was smaller than that of 50 
nm. The large film thickness (50 nm) led to grain growth and coalescence between 
grains. The formation of continuous CoPt film could also be responsible for the 
decrease of the coercivity for thicker films. 
 
 
Figure 3-5 SEM images of the (a) 5 nm and (b) 50 nm CoPt films. 
 
3.1.3 Chemical ordering and magnetic properties of L10 CoPt–SiO2 nanocomposite 
In order to achieve narrower bit boundaries and higher areal density, it is 
essential to reduce grain size and exchange interaction between grains. The oxide 
based grain boundary like SiO2 was proposed because of the insolubility between 
SiO2 and CoPt. Moreover, the much smaller surface energy of amorphous SiO2 (~300 
ergs/cm
2
) than CoPt (~2000 ergs/cm
2
) could provide a driving force for SiO2 to 
diffuse into grain boundaries in order to reduce interfacial energy. As sputtering of 
silica seldom provides the intended stoichiometry due to differential dissociation of 
species of a compound target, the chemical composition may not be SiO2, but SiOx. 
Figure 3-6 shows the θ-2θ XRD scans of the as-deposited samples with 
various SiOx volume fractions. Here the abscissa was broken between 36º-44º to avoid 
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the MgO peak. Only CoPt (001) and CoPt (002) peaks were detected. However, 
corresponding to 20 and 25 vol.% SiOx compositions, the (002) peak appeared more 
asymmetrical towards the lower 2θ value. The (002) peak position also slightly 
shifted towards the higher 2θ value with increasing SiOx content to 10 vol.% and then 
shifted back towards the lower 2θ value with further increasing SiOx content. The 
asymmetry and shifting of (002) peak towards lower 2θ value may correspond to the 
emergence of CoPt (200) peak. The intensity of CoPt (001) peak increased with 
increasing the SiOx compositions and showed maximum corresponding to 10 vol.% 
SiOx composition. The intensity of (001) peak decreased with further increasing the 
SiOx composition and finally disappeared at 20 vol.% of SiOx. It indicated that 
increasing SiOx composition up to 10 vol.% increased the ordering. [I(001)/I(002)]
1/2
 
was compared to further study the effect of SiOx composition on ordering, as shown in 
Figure 3-7 (a). It exhibited maximum at 10 vol.% of SiOx, which further indicated 
increased chemical ordering at 10 vol.% SiOx. The complete disappearance of CoPt 
(001) peak for 20 vol.% and 25 vol.% further confirmed the evolution of CoPt (200) 
peak. As a result, the CoPt (002) peak corresponding to 20 vol.% and 25 vol.% was 
attributed to overlapping of (002) and (200) peaks. Due to the low surface energy of 
SiOx, it may diffuse out to grain boundaries during deposition, which could provide an 
open path for the movement of Co and Pt atoms and therefore help to improve the 
ordering. However, once the SiOx volume fraction increased above a certain value, 
which was the percolation limit of 15 vol.% for magnetic and non-magnetic phases, it 




Figure 3-6 XRD spectra of CoPt-SiOx films with different SiOx volume fractions. 
 
 
Figure 3-7 Variation of (a) [I(001)/I(002)]
1/2
, (b) c/a ratio and (c) θ50 of CoPt (001) 
peak as a function of SiOx volume fraction. 
 
Figure 3-7 (b) and (c) show the variations of axial ratio c/a calculated from 
XRD spectra and ∆θ50 of CoPt (001) peak from rocking curve, respectively. The c/a 
ratio decreased with increasing SiOx content and reached the minimum when SiOx 
content was 10 vol.%, which was consistent with the highest ordering degree. The 
contracted c axis helped the formation of L10 phase. 10 vol.% SiOx addition also 
showed the lowest ∆θ50 of CoPt (001) peak, indicating the best (001) texture. 
Figure 3-8 shows the hysteresis loops of CoPt-SiOx films with various SiOx 
compositions. All films up to 15 vol.% SiOx showed perpendicular anisotropy, since 
out-of-plane coercivity and remanent magnetization were larger than those of in-plane. 
It showed magnetic softness for 20 and 25 vol.% SiOx, which could be attributed to 
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the change of CoPt texture from (001) corresponding to L10 phase to (200) 
corresponding to fcc phase for 20 and 25 vol.% SiOx. For a clear comparison of the 
perpendicular coercivity, a separate plot of Hc(⊥) versus SiOx composition is shown in 
Figure 3-9. The film corresponding to 10 vol.% SiOx exhibited the largest coercivity 
among the measured samples. 
 
 
Figure 3-8 Hysteresis loops of CoPt-SiOx films with different SiOx volume fractions. 
 
 
Figure 3-9 The dependence of Hc(⊥) on SiOx volume fraction. 
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Since coercivity is an extrinsic property of magnetic materials and depends on 
order parameter and magnetization reversal mechanism, the angular dependence of 
coercivity can be used to qualitatively analyze the magnetization reversal mechanism. 
Therefore the angular dependent coercivity of 5 vol.% and 15 vol.% SiOx addition 
samples were measured and normalized to Hc(⊥). Figure 3-10 shows the angular 
dependence of normalized coercivity together with the ideal S-W model and domain 
wall motion model. A qualitative comparison suggested the normalized coercivity of 
both samples have a closer resemblance to the S-W model when compared with 
domain wall motion model. The sample corresponding to 15 vol.% was more closer to 
the S-W model, indicating that increasing the SiOx composition reduced the 
intergranular interaction. Thus comparing the magnetic properties with chemical 
ordering, it was observed that large coercivity corresponding to 10 vol.% SiOx was 
attributed to the combined effects of increased chemical ordering and magnetization 
reversal mechanism associated with the S-W model. 
 
 
Figure 3-10 Angular dependent Hc of CoPt-SiOx films with 5 and 15 vol.% SiOx. 
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The diffusion length could be calculated as Dtl  where D is the diffusion 
coefficient and t the diffusion time. D is given by )/exp(0 RTEDD a where D0 was 
the maximum diffusion coefficient and Ea the activation energy. For diffusion of Co 






 and Ea is 2.8 eV.
137
 Therefore for CoPt-25 vol.% 
SiOx, the diffusion length of Co atoms in SiO at 600 °C for 119 seconds was 
calculated to be 210-3 nm, indicating Co was difficult to diffuse across SiOx 
boundaries. Therefore SiOx provided impedance for the diffusion of Co and Pt atoms, 
and thus difficult to obtain stable L10 phase for 25 vol.% SiOx addition. 
The grain isolation has been explained by electrical resistivity measurement.
54, 
138, 139
 The electrical resistivity of CoPt films with different SiOx compositions were 
measured in the film plane, as shown in Figure 3-11. It revealed that with increasing 
the SiOx composition, the electrical resistivity initially increased slowly. However, the 
resistivity increased in order of magnitude, once SiOx composition increased to 15 
vol.%. This further confirmed the increasing grain isolation with SiOx addition. 
 
 




All films with SiOx compositions in the range of 0-15 vol.% showed a kink 
near zero applied field from hysteresis loops in Figure 3-8. Such type of kink has been 
reported due to the existence of magnetically soft phase and the separate switching 
behavior of the hard and the soft magnetic phases.
132, 140
 The magnetically soft phase 
could be the oxide like CoO, PtO, the silicide CoSiO, or the fcc phase CoPt. The 
following experiment was carried out to investigate the soft phase.  
The mixing enthalpy of Co-Si (ΔHCoSi = -47 kJ/mol) and Pt-Si (ΔHPtSi = -36 
kJ/mol) compounds are larger than that of the CoPt alloy formation (ΔHCoPt = -7 
kJ/mol).
141
 Furthermore, the XRD spectra did not reveal any formation of cobalt 
silicide. All these evidence suggested a separation between Co and Si atoms. This is 
consistent with the photoemission peaks of Co, Pt and Si observed from the XPS 
measurement, as shown in Figure 3-12, in which no Co
+
 peak was found. Therefore 
the magnetically soft phase could not be silicide. In term of the possibility of oxides 
as the magnetically soft phase, it was possible that the CoPt could be oxidized at 600 
ºC deposition temperature with the residual oxygen in sputtering chamber. However, 
no oxide peaks corresponding to either CoO, PtO or SiOx were detected in XRD scans. 
It indicated that the oxides phases were either amorphous or their crystalline sizes 
were less than the X-ray coherence length. Moreover, from Figure 3-12, the peak 
positions of Co 2p1/2 and 2p3/2 corresponded to the pure Co and stayed at the same 
bonding energy for different SiOx volume fractions. It means that the volume fractions 
of CoO, if there were any, were the same for all the samples. Therefore the change of 
the kink for different samples could not be originated from CoO since the volume 




Figure 3-12 Photoemission peaks of Co with different SiOx volume fractions. 
 
Therefore the kink of the hysteresis loops could only be attributed to the 
disordered fcc phase CoPt. The kink of the 5 vol.% SiOx addition was more obvious 
than that of 10 and 15 vol.% SiOx because of the presence of more fcc phase CoPt, as 
can be seen from the lower chemical ordering and lower 2θ value of L10 (002) peak. 
For the CoPt without SiOx doping, the kink was small due to the strong coupling in 
the films as there was no SiOx to isolate the grains. Moreover, another effect of SiOx 
addition was to reduce the grain size of CoPt, as shown in Figure 3-13. It was possible 
that 5 vol.% SiOx was not sufficient to isolate all the CoPt grains and the large grain 
size distribution would lead to the incoherent switching and thus larger kink; whereas 
for more SiOx volume fraction, the CoPt grains became smaller and more uniform and 
thus exhibited coherent magnetic reversal and smaller kink. 
Figure 3-13 (a) and (b) show the microstructures of CoPt and CoPt-10 vol.% 
SiOx, respectively using TEM. The grain size was determined by taking the average 
values of the maximum and minimum length measured through the center of the grain. 
The number of grains used for grain size measurements were ~120. The grain size 
was 88.2 ± 4.4 nm and 8.6 ± 0.4 nm for 0 and 10 vol.% SiOx addition, respectively. 
EDS analysis indicated the SiOx were segregated at grain boundaries. Figure 3-13 
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shows the CoPt grains became smaller and more uniform with SiOx doping. When the 
SiOx volume percentage increased, it can be seen clearly that the film microstructure 
changed from maze-like type to a granular-like type. Clearly, the role of the SiOx 
layer was to form grain boundaries to separate the CoPt grains. This was attributed to 
the insolubility of SiOx in the CoPt as well as lower surface energy of SiOx. The film 
showed the largest Hc value when the microstructure consisted of CoPt grains with 
improved segregation and less intergranular exchange coupling. 
 
 
Figure 3-13 Microstructures of (a) CoPt and (b) CoPt-10 vol.% SiOx, respectively.  
 
3.1.4 Summary 
In this study, the effects of CoPt film thickness and SiOx composition on 
chemical ordering and magnetic properties of L10 CoPt films were studied. Thicker 
CoPt exhibited higher chemical ordering but lower coercivity. The change of 
magnetization reversal from S-W rotation model for thinner film to domain wall 
motion model for thicker film could be responsible for the reduced coercivity with 
increasing film thickness. The CoPtSiOx corresponding to 10 vol.% SiOx exhibited 
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maximum coercivity. The increased coercivity was attributed to the increased 
chemical ordering and S-W model preferred magnetization reversal mechanism. 
3.2 Development of L10 CoPt on oxidized Si substrates 
Although the use of single crystal substrates to induce (001) textured CoPt 
films could yield better understanding of correlations of growth parameters and media 
properties, it would not be commercially viable due to high cost. Therefore, 
development of L10 CoPt films on inexpensive substrates such as glass or Si 







, or Ag (200)
142
, due to similar atomic configuration and 
small lattice mismatch to that of CoPt (001) plane. In the Section 3.2.1, a systematic 
study of the CoPt films fabricated on oxidized Si substrates with MgO underlayer was 
reported. The effects of annealing conditions and MgO intermediate layer thickness 
on the properties of CoPt films were investigated. In Section 3.2.2, (CoPt/MgO)n in 
the form of multilayer was investigated to control grain size and CoPt (001) texture. 
The effects of sublayer thickness, total layer thickness and initial in-situ temperature 
on the chemical ordering and texture evolution of L10 CoPt (001) were investigated. 
3.2.1 Post-deposition annealing of CoPt with MgO underlayer 
To investigate the effects of annealing conditions, CoPt (10 nm)/MgO (20 nm) 
were deposited on oxidized Si substrates. No substrate heating was carried out during 
deposition. Post deposition annealing was done thereafter by RTP from 400 to 700 °C 
and from 30 s to 10 min. Different MgO thickness ranging from 0 to 40 nm was also 
used to investigate its effects on structure and magnetic properties of CoPt layer. 
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3.2.1.1 Ordering evolution with annealing time 
Figure 3-14 shows the θ-2θ XRD scans of the samples annealed at 700 °C 
with different annealing time. The as-deposited film was also included for comparison. 
The as-deposited film showed fcc phase with absence of superlattice peaks. After 
annealing the sample at 700 °C for 30 s, the superlattice CoPt (001) peak appeared 
indicating that the L10 phase CoPt was formed. The CoPt (200) and (002) peaks 
combined to form a broad peak. It showed that although the annealing time (30 s) was 
relatively short, the atomic diffusion and phase separation occurred in the films. With 
further annealing to 5 min, the integrated peak intensity of CoPt (001) peak increased 
and the FWHM of CoPt (001) became narrower, indicating the grain growth of L10 
CoPt phase in the film normal direction. Moreover, the fcc CoPt (200) peak 
disappeared and only L10 CoPt (002) peak existed, suggesting an increase in the 
degree of ordering in this sample. Further annealing the sample to 10 min exhibited 
no obvious change in the XRD spectrum. From the XRD spectra, the CoPt (111) peak 
was found to dominate. It indicated that although L10 phase CoPt was formed, the 
texture was (111) due to the fact that (111) plane is the close-packed plane. To further 
study the effects of annealing time on ordering, the variation of [I(001)/I(002)]
1/2
 as a 
function of annealing time was compared and shown in Figure 3-15. As annealing 
time increased from 30 s to 5 min, [I(001)/I(002)]
1/2
 increased drastically, indicating 
the order parameter increased drastically. When the annealing time was further 
increased to 10 min, the order parameter did not change so much, which was 
consistent with similar XRD spectra for 5 min and 10 min. It indicated that either the 
fully ordered structure of CoPt phase was formed in the film annealed for 5 min, or 
that the rest of the grains needed much longer annealing time than 10 min to enable 
phase transformation. 
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Figure 3-14 θ-2θ XRD scans of CoPt films at various annealing times. 
 
 
Figure 3-15 Variation of [I(001)/I(002)]
1/2 
 and ∆θ50 with different annealing time. 
 
The CoPt (001) texture of the samples was characterized by rocking curve, as 
shown in Figure 3-15. ∆θ50 reduced with increasing annealing time, indicating that the 
L10 CoPt (001) texture was improved with increasing annealing time. From 5 min to 
10 min, the reduction was less obvious.  
To investigate the origin of the change in chemical ordering, the lattice 
constants were calculated and shown in Figure 3-16. With increasing annealing time, 
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a increased from 3.760 to 3.789 Å whereas c decreased from 3.720 to 3.690 Å. This 
was also reflected on c/a ratio, which decreased rapidly in the beginning with 
increasing time till 5 min. It is known that L10 structure is fct structure with a slightly 
constriction in the c-axis. The reduction of c/a ratio helped phase transformation from 
fcc to L10 and chemical ordering was improved from 30 s to 5 min and stayed the 
same for further annealing to 10 min. 
 
 
Figure 3-16 Variations of lattice parameters as a function of annealing time. 
 
Figure 3-17 shows the Hc() and Hc(//) of CoPt films with different annealing 
time. Hc() significantly increased to 11 kOe when annealing time increased up to 5 
min due to increased chemical ordering, suggesting an increasing amount of 
magnetically hard fct CoPt phase in the film. Hc() slightly increased with further 
increasing annealing time to 10 min, as reflected by the similar ordering parameter of 
68 
5 and 10 min-annealed samples. The Hc() was almost the same as the Hc(//) for each 
sample, indicating that the easy axis was randomly distributed for all the samples, 
which was consistent with the (111) dominant texture.  
 
 
Figure 3-17 Variation of Hc(//) and Hc() as a function of annealing time. 
 
It was shown in previous studies that the coercivity of polycrystalline FePt or 
CoPt thin films with a given composition was related to several microstructural 







 and density of structural defects
149
. All these parameters change with 
annealing time, resulting in the change of the coercivity. Thus the evolution of the 
coercivity with annealing time can be expressed as a function of grain size. The 
dependence of Hc() on the coherent length is shown in Figure 3-18. Each coherent 
length was larger than the nominal thickness of 10 nm, indicating an obvious 
coarsening of CoPt grains along the film normal direction at such temperature. 
Although the range of coherent length was relatively small, an increase of Hc() with 
increasing coherent length could be clearly distinguished, which was generally in 





Figure 3-18 The dependence of Hc() on the coherent length. 
 
Apart from the coherent length in the film normal direction, plane-view grain 
size was also investigated by TEM for different annealing time. Figure 3-19 shows the 
bright field images of the three samples with different annealing time. For the sample 
annealed for 30 s, several particles coalesced with each other and formed islands 
consisting of two or three grains. With increasing the annealing time to 5 min or 
longer, the particle size of the films increased and the smaller grains coalesced into a 
particle with larger size. The microstructural images suggested grains growth with 
increasing annealing time, thus larger Hc for larger grain size.  
Different models for the grain-size dependence of Hc have been discussed in 
previous studies. Micromagnetic calculations of Nd2Fe14B have shown that the 
increasing of Hc with increasing grain size could be explained by assuming that both 
the exchange constant A and K1 were 10 times smaller within the grain boundaries.
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Such reduction could be attributed to local composition fluctuation, structural defects, 
or disorientation of the anisotropy axis from grain to grain. The reduced grain size 
was associated with more grain boundaries with small anisotropy and thus decreased 
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coercivity. Since L10 CoPt has similar magnetic properties as Nd2Fe14B,
16
 it may be 
expected that such mechanism works for L10 CoPt as well. 
 
 
Figure 3-19 TEM images of CoPt films annealed for (a) 30 s, (b) 5 min and (c) 10 min. 
 
3.2.1.2 Ordering evolution with annealing temperature 
Figure 3-20 shows the θ-2θ XRD spectra of the CoPt films annealed at various 
temperatures for 10 min. Besides the MgO (200) peak, the as-deposited sample 
showed the fundamental CoPt (111) peak, indicating the disordered A1 structure. All 
the other peaks were associated with oxidized Si substrate. When the annealing 
temperature reached 400 °C, the peak intensity of CoPt (111) was still low, implying 
poor crystallization. As the temperature further increased to 500 °C or 600 °C, the 
position of CoPt (111) peak did not change noticeably whereas the peak intensity 
increased significantly, which indicated the volume fraction of CoPt increased. The 
strong (111) peak indicated that the annealing time and temperature were sufficient 
for the diffusions of Co and Pt atoms to form CoPt alloy with (111) texture, the close-
packed plane with the lowest surface energy.
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 The CoPt (001) peak did not appear 
until temperature reached 700 °C, which indicated that phase transformation of L10 
CoPt could only occur at temperature as high as 700 °C in this study. It is known that 
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the higher the annealing temperature is, the faster the atoms diffuse and thus the easier 
the system reaches equilibrium. Whereas at low temperature, the atoms did not have 
enough energy to diffuse and thus the L10 phase could not be formed and disordered 
A1 phase remained. Besides the formation of CoPt (001) peak at 700 °C, the intensity 
of CoPt (111) peak also decreased compared with that of 600 °C. In XRD spectra the 
diffracting intensity is proportional to the volume of the grains. Therefore the 
reduction in (111) peak intensity for 700 °C could be due to reduced volume of 
disordered A1 phase with improved chemical ordering. The FWHM of CoPt (111) 
was reduced from 0.9° (400 °C) to 0.4° (700 °C), indicating grain growth along the 
film normal direction with increasing annealing temperature.  
 
 
Figure 3-20 XRD spectra of the CoPt films annealed at various temperatures. 
 
In order to investigate the magnetic properties of the CoPt films, the 
perpendicular hysteresis loops were measured, as shown in Figure 3-21. When the 
annealing temperature was below 600 °C, the films showed dominant fcc 
characteristics with Hc of several hundred Oe due to its low magnetocrystalline 
anisotropy. When the annealing temperature reached 600 °C, the film became 
magnetically harder, and Hc increased to about 2237 Oe due to the start of the 
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transformation from fcc to fct phase. Hc significantly increased to about 12 kOe as 
annealing temperature increased to 700 °C, suggesting the formation of L10 phase 
CoPt, which was consistent with the emergence of the superlattice (001) and (002) 
peaks of CoPt in the XRD spectra in Figure 3-20. Similar results have also been 
reported by others. Barmak et al. investigated the structure and the width of the 
magnetic domains of CoPt films and demonstrated an increase in magnetic anisotropy 
as deposition temperature increased.
3
 The increased anisotropy due to improved 
chemical ordering was responsible for the increase of coercivity. 
 






































Figure 3-21 Hysteresis loops of the films with different annealing temperature. 
 
Hc () and Hc (//) exhibited similar values (data not shown), indicating random 
distributions of easy axis, which was consistent with the dominant CoPt (111) from 
XRD spectra. When the CoPt was annealed below 500 °C, Ms increased from 690 
emu/cc to 950 emu/cc. It decreased to 850 emu/cc and further to 600 emu/cc when the 
annealing temperature was above 500 °C. It is known that the chemically ordered 
phase has a smaller moment than that of the disordered phase, which leads to the 
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reduction in Ms for the ordered L10 phase.
152, 153
 Therefore, the decrease of Ms with 
increasing annealing temperature was due to the gradual phase transformation.  
3.2.1.3 Ordering evolution with various MgO underlayer thicknesses 
Figure 3-22 shows the θ-2θ XRD spectra of the samples with various MgO 
underlayer thicknesses from 0 to 40 nm. CoPt (001) peaks were identified in all the 
films, indicating the formation of L10 CoPt. Due to the low intensity of CoPt (002) 
peak, it is difficult to calculate the long range order parameter. The texture of CoPt 
(001) was characterized by θ50 of rocking curve and was shown in Figure 3-23. With 
increasing MgO thickness, θ50 reduced till 30 nm MgO, and slightly increased for 40 
nm MgO. It confirmed that the texture of CoPt (001) was improved with increasing 
MgO layer thickness till 30 nm. θ50 of MgO (200) peak was also measured and the 
better texture of CoPt (001) was attributed to the better underlying MgO (200) texture. 
 
 
Figure 3-22 θ-2θ XRD spectra of the samples with various MgO underlayer 




Figure 3-23 Variation of θ50 of CoPt (001) and MgO (200) as a function of MgO 
thickness. 
 
Figure 3-24 plots the out-of-plane hysteresis loops for the samples with 
different MgO thickness. Inset shows the variation of Hc () and Hc (//) as a function 
of MgO layer thickness. The out-of-plane coercivity was around 10 kOe for all the 
samples, indicating that the thickness of the MgO underlayer had no effects on the 
coercivity of CoPt films. Moreover, the Hc () was almost the same as Hc (//), 
indicating that the easy axis was randomly distributed in all these films, consistent 
with the dominant CoPt (111) texture in XRD spectra. 
 
 
Figure 3-24 Out-of-plane hysteresis loops of the samples with different MgO 
thickness. Inset shows the variation of Hc () and Hc (//). 
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It can be seen from Figure 3-24 that apparent shoulders appeared in the 
hysteresis loops due to the coexistence of soft and hard magnetic phases in the films. 
The kink was most obvious for the sample with 40 nm MgO, suggesting more soft 
magnetic phase were present in this sample. We might conclude that the 40 nm MgO 
layer could restrain the order–disorder transformation and lead to decreased ordered 
region volume fraction. In order to confirm this, the coherent length along the film 
normal direction was estimated from the FWHM of the CoPt (001) peak. The 
coherent length, which was illustrated in Section 2.3.2.4, was 9.8, 12.7, 14.5, 15.3 and 
12.6 nm, corresponding to 0, 10 nm, 20 nm, 30 nm and 40 nm MgO, respectively. The 
coherent length for 40 nm MgO was smaller than that of 30 nm MgO, indicating 
thicker MgO will restrain the L10 transformation.  
Microstructures were analyzed by collecting bright and dark field TEM 
images of selected samples. Figure 3-25 shows the bright field images, dark field 
images and corresponding diffraction patterns for the samples without MgO and with 
30 nm MgO underlayer, respectively. The (200) MgO ring suggested that the 
polycrystalline MgO underlayer was strongly (200) textured. It could be found that 
the grain size for these two samples were similar, both ~ 30 nm. The similar grain size 




Figure 3-25 Bright field images (a) and (d), dark field images (b) and (e) and 
diffraction patterns (c) and (f) of the samples without MgO (a-c) and with 30 nm 
MgO (d-f), respectively. 
 
Many studies reported that the thickness of underlayer had significant effects 
on the chemical ordering and coercivity of FePt or CoPt thin films in the in-situ 
annealing condition.
155, 156
 In the in-situ annealing, these underlayer were used to help 
the epitaxial growth of the magnetic layer and induce (001) texture due to the strain 
from lattice mismatch. Therefore when the thickness of the underlayer was above a 
certain value, the strain effect would be lost and thus chemical ordering and magnetic 
properties would be reduced. However, here in our case, post-deposition annealing 
rather than in-situ annealing was adopted. From the fact that the magnetic properties 
were not sensitive to the thickness of the underlayer, it might be concluded that the 
strain-induced chemical ordering was not effective in the case of post-deposition 
annealing, since all the deposition was conducted at room temperature and all the 
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phase transformation occurred during post-annealing process. It appears that strain-
induced chemical ordering was related to the growth kinetics. 
3.2.1.4 Summary 
The coercivity of the samples increased with increasing annealing temperature 
and annealing time due to improved chemical ordering. The different thickness of the 
MgO underlayer had no effects on the coercivity of CoPt films, but improved (001) 
texture with 20-30 nm MgO underlayer. Strain-induced chemical ordering was related 
to the growth kinetics.  
3.2.2 Post-deposition annealing of (CoPt/MgO)n multilayer structure 
As discussed above, single magnetic layer on single MgO underlayer could 
not generate a good (001) texture and the easy axis was randomly distributed. 
Therefore, multilayer structure (CoPt/MgO)n was deposited to control the texture and 
grain size. Four aspects of the multilayered structure were investigated in this part: (1) 
CoPt sublayer thickness; (2) MgO sublayer thickness; (3) total layer thickness; (4) 
initial deposition temperature before annealing. In the following part, these four 
aspects will be illustrated one after another.  
3.2.2.1 Texture control by varying CoPt thickness 
To evolve a strong (001) texture in the ordered state, MgO and CoPt sublayers 
with suitable thickness are needed. In order to investigate the thickness effects of each 
sublayer in the (CoPt/MgO) bilayer, the thickness of one layer was fixed whereas 
thickness of the other layer was varied. In this section, the effects of CoPt sublayer 
thickness will be investigated by depositing [CoPt (t nm)/MgO (4 nm)]n on oxidized 
Si substrates. Total CoPt thickness was fixed to 15 nm with t=15, 7.5, 5, 3.8, 3, 2.5 
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nm, corresponding to repetition n=1, 2, 3, 4, 5, 6, respectively. The MgO volume 
fraction was 20%, 34%, 43%, 50%, 56% and 60% for n=1 to 6, respectively. 
The θ-2θ XRD spectra of [CoPt (t nm)/MgO (4 nm)]n films annealed at 600 °C 
is shown in Figure 3-26. L10 CoPt (001) peak appeared when CoPt sublayer thickness 
was less than 5 nm in one repetition. CoPt (200) peak moved towards higher 2θ angle 
with decreasing CoPt sublayer thickness, which corresponded to L10 (002) peak, 
indicating improved L10 ordering for thinner CoPt. For films with 2.5 nm and 3 nm 
CoPt sublayer, the dominant (001) texture indicated that the [001] magnetic easy axis 
aligned in the film normal direction. The presence of perpendicular magnetization was 
further proved by the large out-of-plane coercivity and out-of-plane squareness in 
Figure 3-29. Note that the CoPt (200) and (002) peaks did not completely separate, 
revealing that the ordering of the L10 CoPt grains was not perfect even though the fcc 
phase had started to transform into fct phase. I(001)/I(002)
1/2
 was calculated and it 
increased from 0.62 (5 nm) to 0.64 (3.8 nm), reached maximum 0.80 (3 nm) and 
decreased to 0.73 with further reducing CoPt sublayer thickness to 2.5 nm. 
After annealing the samples at higher temperature 700 °C, as shown in Figure 
3-27, L10 CoPt (001) peak appeared when CoPt layer thickness was less than 5 nm, 
which was the same as 600 °C. From these results, it is suggested that the (001) 
texture was very sensitive to the CoPt sublayer thickness in one repetition and that 
thinner CoPt sublayer was necessary to achieve good (001) oriented growth. It was 
probable that in the case of thinner CoPt, the Co and Pt atoms could diffuse and move 
to the proper atomic positions more easily, like in the case of monolayer deposition of 
Co/Pt and Fe/Pt.
157, 158
 It could also be seen from Figure 3-27 that a split of (200) fcc 
reflection into the (200) and (002) tetragonal reflections due to reduced symmetry of 
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the ordered tetragonal L10 phase, indicating improved chemical ordering and more 
throughout phase transformation of L10 CoPt at 700 °C. 
     























Figure 3-26 θ-2θ XRD spectra of [CoPt (t nm)/MgO (4 nm)]n annealed at 600 °C. 
 
     
























Figure 3-27 θ-2θ XRD spectra of [CoPt (t nm)/MgO (4 nm)]n annealed at 700 °C. 
 
The ratio of integrated peak intensity of CoPt (001) to (111) was used as an 
indication of orientation degree. Figure 3-28 shows I(001)/I(111) as a function of 
CoPt sublayer thickness at 600 °C and 700 °C. For both annealing temperatures, it 
was found that with decreasing CoPt layer thickness, the intensity ratio of 
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I(001)/I(111) became larger, which indicated (001) texture was favorable and the c 
axis preferred to align perpendicularly to the film plane for thinner CoPt sublayer. 
∆θ50 of CoPt (001) peak was measured for all the samples annealed at 600 °C and 
700 °C to confirm the (001) texture evolution with CoPt sublayer thickness. The data 
was shown in Appendix A. 3 nm CoPt had the smallest ∆θ50 for both 600 °C and 
700 °C cases, indicating appropriate CoPt thickness was crucial for the (001) texture. 
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Figure 3-28 Variation of I(001)/I(111) as a function of CoPt sublayer thickness. 
 
Method of integral breaths was adopted to analyze the XRD spectra. Coherent 
length and maximum strain in the direction normal to the diffraction plane were 
calculated and listed in Table 3.1. For either 600 °C or 700 °C, the coherent length did 
not change much. But calculated strain reduced with decreased CoPt thickness. The 
reasons could be explained as follows. The disorder–order transformation of CoPt 
involves a distortion of the fcc unit cell. When the strain generated during ordering 
process was able to relax in the film normal direction, the development of the (001) 
texture was favorable. Theoretical calculations have shown that during ordering 
process, the (001) texture evolution was energetically favorable if the film thickness 
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was thin enough for the plane-stress condition because in this case the relaxation of 
the stress along the surface normal could be satisfied.
151
 Therefore the CoPt (001) 
texture could be achieved by using more repetitions with thinner sublayers. 
 
Table 3.1 Coherent length and maximum strain for various CoPt layer thicknesses. 
CoPt layer 
thickness (nm) 
Coherent length (nm) Maximum strain (%) 
600 °C 700 °C 600 °C 700 °C 
2.5 6.23 11.22 0.73  
3 5.75 10.11 0.68  
3.8 5.92 10.74 0.96 0.24 
5 8.56 10.27 1.18 0.26 
 
In order to investigate the effects of CoPt thickness on magnetic properties, 
the hysteresis loops in both directions of the samples annealed at 600 °C were 
measured and shown in Figure 3-29. The shape of the loops suggested that the 
magnetic anisotropy changed from perpendicular (thin CoPt) to in-plane (thick CoPt). 
It was consistent with the (001)-dominant texture for thin CoPt films and (111)-
dominant texture for thick CoPt films. Hc () was 3468 (2.5 nm), 4068 (3 nm), 3721 
(3.8 nm), 3524 (5 nm), 2902 (7.5 nm) and 2261 Oe (15 nm), which increased with 
decreasing CoPt thickness, reached maximum for 3 nm CoPt, and then decreased. The 
variation of Hc () could be due to the variation of chemical ordering, which showed 
the similar trend with CoPt thickness. Coercivity could also be influenced by reversal 
mechanism. Therefore the initial magnetization curves of CoPt with 2.5 nm (n=6), 3 




Figure 3-29 Out-of-plane and in-plane hysteresis loops of the [CoPt (t nm)/MgO (4 
nm)]n with various CoPt thicknesses annealed at 600 °C. 
 
 
Figure 3-30 Out-of-plane hysteresis loops together with initial curves of (a) CoPt=7.5 
nm, (b) CoPt=3 nm and (c) CoPt=2.5 nm. 
 
The initial magnetization curves of 2.5 nm and 3 nm CoPt were characteristic 
of the magnetization rotation mechanism, because large magnetic field was required 
to magnetize the particles.
154
 However, for 7.5 nm CoPt the characteristic of the 
domain-wall motion was more distinct, because the magnetization process occurred 
easily at low magnetic field. Therefore the reduced coercivity corresponding to thick 
CoPt sublayer might be caused, aside from the lower chemical ordering, by the 
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different magnetization reversal mechanism of domain-wall motion, compared to the 
rotation magnetization for thin CoPt films. 
Figure 3-31 plots the out-of-plane squareness and nucleation field (Hn) with 
various CoPt thicknesses. Perpendicular recording media requires high out-of-plane 
squareness and negative nucleation field. The positive Hn of thicker films indicated 
the spontaneously nucleation of oppositely magnetized domains. It was due to 
absence of pinning sites and thus low impedance, which caused the domain wall to 
spontaneously nucleate before the positive field was reduced to zero. The squareness 
of the samples with CoPt layer less than 5 nm were between 0.73 and 0.80, close to 
the optimum value of 0.70–0.75 from the media noise viewpoint,159 indicating a high 





Figure 3-31 The variation of out-of-plane squareness and nucleation field (Hn) with 
various CoPt thicknesses in the bilayer. Dashed lines are guide to the eyes. 
 
The magnetic anisotropy was measured by the law of approach to the 
saturation, as reviewed in Section 2.4.5.3. According to this method, K1 of selected 
samples were calculated as follows: 1.2107 erg/cc (7.5 nm CoPt), 3.6107 erg/cc (3 
nm CoPt), 2.2107 erg/cc (2.5 nm CoPt). Thus comparing the magnetic properties 
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with chemical ordering, it was observed that the large coercivity corresponding to 3 
nm CoPt was attributed to the high magnetic anisotropy, which in turn depended on 
the high degree of chemical ordering. 
The magnetic properties at low temperature (10 K) were also conducted for 
the samples, which were shown in Figure 3-32 together with room-temperature 
magnetic properties. In comparison with the results at room temperature, the higher 
Hc and Ms were found in the films measured at 10 K. The enhancement is due to the 
reduction of the thermal fluctuation, and also the increase of magnetic anisotropy 
energy with decreasing temperature. Temperature changes the intrinsic magnetic 
properties which define the height of the energy barriers and temperature provides 
energy to overcome these energy barriers. Therefore the Ms, Mr and Hc measured at 
room temperature were lower than those at 10 K.  
 
 
Figure 3-32 Out-of-plane hysteresis loops measured at 300 K and 10 K for various 
CoPt thicknesses in the bilayer. 
 
85 
The bright-field, dark-field images and the diffraction patterns of the 600 °C 
annealed (CoPt 7.5 nm /MgO 4 nm)2 and (CoPt 3 nm /MgO 4 nm)5 were shown in 
Figure 3-33. EDS confirmed that in the bright-field images, the dark region 
corresponded to CoPt grains whereas the light region MgO grains, indicating the 
segregation of MgO at the CoPt grain boundaries. For 7.5 nm CoPt film (34 vol.% 
MgO), the grain size was about 20 nm whereas for 3 nm CoPt film (56 vol.% MgO), 
the grain size was around 10 nm. Clearly, the role of MgO layer during post-annealing 
was to form grain boundaries to separate CoPt grains and reduce grain size. This is 
attributed to the insolubility of MgO and CoPt as well as the lower surface energy of 
MgO. From the bright-field images of both samples, we can see the particles tend to 
interconnect and form a network. This network-like grain structure suggested that the 
coalescence transitions occurred in CoPt alloys. This is a thermodynamically 
favorable process because a system of many dispersed grains can lower its total 
surface energy by coalescence.
162
 This network-like structure also suggested that 
MgO was not the best candidate to completely isolate CoPt grains. 
Figure 3-34 (a) and (b) show the cross-section TEM images of (CoPt 5 nm 
/MgO 4 nm)3 before and after 600 °C annealing, respectively. The multilayered 
structure can be clearly seen in the as-deposited samples. After 30 min annealing, the 
multilayered structure was completely destroyed. The breakdown of the layer 
structure was needed to form a decoupled magnetic grain structure. 
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Figure 3-33 (a)-(d) microstructures of (CoPt 7.5 nm /MgO 4 nm)2 and (e)-(h) (CoPt 
3nm /MgO 4 nm)5. (a), (b), (e) and (f) are bright-field images; (c) and (g) dark-field 
images; (d) and (h) diffraction patterns.  
 
 
Figure 3-34 (a) The cross-section TEM images of (CoPt 5 nm /MgO 4 nm)3 before 
and (b) after 600 °C annealing, respectively. 
 
Microstructure of 700 °C annealed (CoPt 3 nm /MgO 4 nm)5 was shown in 
Figure 3-35 (a) and (b) as compared with the same-structure sample annealed at 
600 °C in Figure 3-35 (c) and (d). It can be seen that the grain size became larger with 
higher annealing temperature. It was estimated from dark-field TEM that the grain 
size of the sample annealed at 700 °C was 15 nm, larger than 10 nm for 600 °C. It 
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could also be seen that the coalescence occurred for 700 °C-annealed sample and the 
coalescence was much more severe than that of 600 °C. The coalescence among the 
grains is affected by the temperature which defines the diffusion barrier between 
grains. Higher annealing temperature reduced the diffusion barrier and thus facilitated 
the coalescence between metal grains. 
 
 
Figure 3-35 (a) and (b) 700 °C annealed (CoPt 3 nm /MgO 4 nm)5; (c) and (d) 600 °C 
annealed (CoPt 3 nm /MgO 4 nm)5.  
 
Figure 3-36 shows the high resolution TEM image of (CoPt 3 nm /MgO 4 
nm)5 annealed at 700 °C. The inset is the inverse fast Fourier transform (iFFT) image 
of CoPt grain. The interplanar distance of the fringes was 0.367 nm from the iFFT, 
corresponding to the (001) plane of L10 CoPt, in agreement with the XRD results. 
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Figure 3-36 HRTEM image of 700 °C annealed (CoPt 3 nm /MgO 4 nm)5. The inset 
is the iFFT image. 
 
3.2.2.2 Texture control by varying MgO layer thickness 
To find out the appropriate sublayer thickness of MgO to obtain good CoPt 
(001) texture, different thicknesses x of MgO sublayer (x=1.8, 2.8, 3.3, 3.8, 4.8, 5.8 
nm) [CoPt (3 nm)/MgO (x nm)]5 were fabricated. The corresponding MgO volume 
percentage was 38%, 48%, 52%, 56%, 62%, 66%, respectively. 
Figure 3-37 shows the θ-2θ XRD spectra of the samples annealed at 600 °C. 
For the sample with 1.8 nm MgO, only CoPt (111) peak appeared. With increasing 
MgO sublayer thickness, L10 CoPt (001) and CoPt (002)/(200) appeared, and CoPt 
(111) peak gradually decreased simultaneously. The combination of CoPt (002)/(200) 
shifted to higher 2θ angle with increasing MgO thickness, corresponding to L10 CoPt 
(002). All of the above results indicated that chemical ordering of L10 CoPt was 
improved with increasing MgO sublayer thickness.  
To confirm this, [I(001)/I(002)]
1/2
 as an indication of chemical ordering was 
calculated and shown in Figure 3-38 (a). It increased with increasing MgO thickness 
from 1.8 to 4.8 nm indicating improved chemical ordering, and it reduced for 5.8 nm 
MgO. Figure 3-38 (b) shows the variation of I(001)/I(111) with different MgO 
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thickness to indicate the texture evolution. It increased with increasing MgO sublayer 
thickness, indicating that L10 CoPt (001) texture improved with thicker MgO sublayer. 
 
         



























Figure 3-38 Variation of (a) [I(001)/I(002)]
1/2 
and (b) I(001)/I(111) as a function of 
MgO layer thickness. 
 
90 
Out-of-plane and in-plane hysteresis loops with different MgO sublayer 
thickness were shown in Figure 3-39. For thin MgO (1.8 nm and 2.8 nm), the in-plane 
and out-of-plane hysteresis loops were almost identical, which indicated randomly 
orientated grains, consistent with CoPt (111) dominant XRD spectra. With increasing 
MgO thickness, perpendicular anisotropy appeared, consistent with improved 
chemical ordering and (001) texture. 
 
 
Figure 3-39 Out-of-plane and in-plane hysteresis loops with different MgO layer 
thicknesses. 
 
Hc () was obtained from hysteresis loops. It first increased from 2441 Oe (1.8 
nm MgO) to 3741 Oe (3.8 nm MgO), kept constant (4.8 nm MgO) and then decreased 
to with 3158 Oe further increased thickness (5.8 nm MgO). The variation of Hc was 
attributed to the variation of chemical ordering. On the one hand, the strain energy 
from the lattice mismatch between CoPt and MgO could provide a driving force for 
the disorder–order transformation of the CoPt phase. This would lead to the improved 
chemical ordering and thus the increased coercivity with increasing MgO thickness. 
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MgO could also segregate at CoPt grain boundaries to improve coercivity. On the 
other hand, as the MgO thickness reached a certain level, it could produce a higher 
activation energy barrier for the disorder-order transformation, which would suppress 
the formation and growth of L10 CoPt grains and lead to the decreased Hc ().
163
 
To confirm the suppression of the formation and growth of L10 CoPt with 
thicker MgO layer, the crystalline coherence length was estimated using Scherrer 
formula. The calculated coherent length was: 4.8, 4.9, 5.1, 4.4 and 3.7 nm for MgO 
thickness from 1.8 to 5.8 nm, respectively. The coherent length increased with 
increasing MgO sublayer thickness till 3.8 nm, and decreased with further increasing 
MgO thickness, which may be attributed to the fact that thicker MgO sublayer in the 
films restrained the grain growth of L10 CoPt during annealing. Therefore the 
chemical ordering and thus the coercivity decreased for thicker MgO layer. 
3.2.2.3 Texture control by varying total film thickness 
Some previous studies reported that there existed a thickness limitation of the 
CoPt film to develop the nearly perfect L10 (001) texture during the ordering 
process.
66, 164
 In this section, the individual layer thickness of CoPt and MgO was 
fixed but the number of bilayer repetition n was changed from 1 to 6, corresponding 
to the total film thickness ranging from 6.8 nm to 40.8 nm.  
Figure 3-40 shows the XRD θ-2θ scans of different total film thickness 
annealed at 600 °C. The unlabelled peaks were from oxidized Si substrate. As the 
number of repetition increased and thus the total film thickness increased, the CoPt 
(001) integrated peak intensity increased. [I(001)/I(002)]
1/2
 was plotted against the 
repetition number n in Figure 3-41 (a) to examine the degree of chemical ordering. 
With increasing total film thickness, the order parameter increased till n=5 and 
slightly dropped for n=6. I(001)/I(111) was used as an indication of texture evolution 
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as shown in Figure 3-41 (b). It was found that (001) orientation increased with 
increasing film thickness. The CoPt (001) texture was further investigated by ∆θ50 of 
rocking curve as shown in Figure 3-41 (c). ∆θ50 of n=5 was the lowest, indicating the 
CoPt (001) texture was the best. 
 























Figure 3-40 XRD θ-2θ scans of the samples with different total film thickness. 
 













































Figure 3-41 Variation of (a) [I(001)/I(002)]
1/2
, (b) I(001)/I(111), and (c) ∆θ50 of CoPt 
(001) as a function of bilayer repetition number n. 
93 
In order to investigate the reason of the variation of chemical ordering with 
total film thickness, the lattice parameter ratio c/a was calculated. Figure 3-42 shows 
the variation of c/a as a function of the repetition of bilayer. It was found that the c/a 
ratio first decreased with increasing film thickness, reached the minimum for n=5, and 
increased for n=6. It indicated that lattice structure was more compressed for thicker 
films than thinner films along the film normal direction. Thus comparing the change 
of chemical ordering and the c/a ratio, it could be found that the improved chemical 
ordering with increasing film thickness was attributed to the reduced c/a ratio. 
 
 
Figure 3-42 The variation of c/a value as a function of bilayer repetition number n. 
 
Out-of-plane and in-plane hysteresis loops for different total film thickness 
were plotted in Figure 3-43. With increasing film thickness, Hc () increased, which 
was due to the increased chemical order parameter. The increase of Hc() could also 
be attributed to the increase in pinning sites due to increased interfaces with more 
repetitions. It is to note that the slope of the hysteresis loop varied. A sharp 
magnetization reversal was observed for n=1. This was in contrast to multilayers with 
more repetitions which showed a more slanted loop and larger tail in the hysteresis 
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loop. Similar results have been reported by Sbiaa et al.
165
 They found that 
magnetostatic energy increased as the number of bilayer increased. Therefore more 
domains formed to reduce magnetostatic energy. However, the switching field 




Figure 3-43 Out-of-plane and in-plane hysteresis loops of different total film 
thickness. 
 
3.2.2.4 Ordering evolution with different initial deposition temperature 
In this section, (CoPt 3 nm/MgO 4 nm)5 were deposited at different 
temperatures from 100-500 °C, and then annealed at 700 °C for 30 min to examine 
the initial sputtering temperature effects on the ordering and magnetic properties. 
Figure 3-44 (a) and (b) show the XRD θ-2θ spectra for the samples deposited at 
various temperatures before and after 700 °C annealing, respectively. When the initial 
deposition temperature was low (room temperature300 °C), the CoPt (111) and MgO 
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(200) peaks could be identified in the as-deposited samples. However, as the initial 
temperature increased to 400 °C and 500 °C, the MgO (200) peaks were absent in the 
as-deposited samples. It was interesting to note that for initial deposition temperature 
at 300 °C and 400 °C, several peaks were identified corresponding to magnesium 
silicate, indicating the inter-diffusion between MgO and the oxidized Si substrate. 
After being annealed at 700 °C for 30 min, the magnesium silicate disappeared and no 
CoPt (001) peaks but CoPt (111) peaks were present. The only difference was the 
CoPt (111) peak became stronger after annealing. No L10 CoPt formation with initial 
in-situ heating above room temperature may be due to the formation of magnesium 
silicate. The multilayer structure was thus destroyed without forming L10 CoPt due to 




            
Figure 3-44 (a) XRD θ-2θ spectra of the samples deposited at various temperatures 
before and (b) after 700 °C annealing. 
 
Out-of-plane and in-plane hysteresis loops were plotted in Figure 3-45. It was 
found that with increasing initial deposition temperature, perpendicular anisotropy 
changed to in-plane anisotropy after 700 °C annealing. Considering no L10 CoPt (001) 
was formed for these films, initial deposition at room temperature was preferred. 
 
 
Figure 3-45 Hysteresis loops of various initial temperatures after 700 °C annealing. 
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Previous studies on the L10 ordering process indicated that films deposited at 
elevated temperature proceeded via a continuous-type reaction
166, 167
; whereas films 
deposited at room temperature and subsequently annealed proceeded via a 
discontinuous or first-order process.
5
 The studies on post annealing also indicated that 
in the first-order process, the disordered fcc phase must undergo some modification 
before transforming into the ordered L10 structure. Since the initial structure of the fcc 
CoPt phase before annealing can be influenced by the initial in-situ deposition 
condition, it is reasonable to expect different ordering behavior for the films prepared 
under different deposition temperatures. For those deposited at 100-500 °C, the 
surface diffusivities of Co and Pt atoms on the heated substrate were orders of 
magnitude larger than that of room temperature, which might suggest that it was 
difficult to form a completely disordered fcc CoPt state at the surface during the film 
growth because of surface diffusion. Thermally induced atomic fluctuations produced 
by initial deposition at elevated temperature can cause local atomic rearrangements 
for all the atoms.
168
 Here in our case, Mg atoms formed magnesium silicate as shown 
in XRD spectra and the nearest neighbors of Co and Pt might also change. Therefore 
the local configurations of the fcc CoPt lattice changed. These modified fcc grains 
might impede the ordering transformation and therefore the L10 CoPt films could not 
be obtained through 700 °C post annealing.  
3.2.2.5 Summary 
In order to control the grain size and the CoPt (001) texture, multilayered 
structure of (CoPt/MgO)n was deposited on oxidized Si substrates. Despite the large 
grain size and network-like microstructure with the use of MgO, it can help the 
growth of the (001) textured structure. Thin CoPt layer was more effective in inducing 
the L10 CoPt (001) because the (001) texture evolution was energetically favorable if 
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the film thickness was thin enough for the plane-stress condition. Whereas thicker 
MgO in the bilayer was preferred in terms of improved chemical ordering and small 
grain size because the strain energy from the lattice misfit between the CoPt and MgO 
provided a driving force to accelerate the disorder–order transformation of the CoPt 
phase. More repetitions of bilayer resulted in higher chemical ordering and thus 
coercivity. The deposition conditions can influence the initial structural state of the 
disordered CoPt films, and thus samples prepared under different conditions were also 
likely to exhibit different ordering kinetics at these temperatures. Initial deposition at 
room temperature was preferred. 
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Chapter 4 Development of L10 CoPt based exchange coupled composite 
(ECC) media 
As discussed in Chapter 3, high Ku materials such as ordered L10 CoPt and 
FePt are required to further increase the recording density. However, the writing field 
of current write head is insufficient to write these media. Exchange coupled 
composite (ECC) media
36
 and exchange spring media
169
 have been proposed and 
demonstrated to address the issue of writing field limitation of write head.
170
 The 
concept of exchange composite (ECC) media was originally proposed by Victora’s 
group
36
 and independently introduced by Suess as the so-called exchange spring 
media
169
. In the earlier days, for exchange spring media, a soft magnetic phase was 
perfectly exchange coupled to the hard magnetic grain; whereas in composite media, 
an intermediate layer was inserted between the hard and soft phase to lower the 
exchange coupling. However, both names are used to refer to this kind of media film 
to date. 
As reviewed in Section 1.3.2, CoPt-based ECC media is an ideal 
homocomposite system to investigate exchange coupling effects between the hard and 
soft layers. In this chapter, the L10 CoPt based ECC media was studied and effects of 
direct interlayer coupling between soft and hard layer were investigated with 
increasing soft layer thickness, both experimentally and theoretically.   
4.1 Experimental details 
In this chapter, CoPt-SiO2(soft)/CoPt-SiO2(hard) ECC media were fabricated 
on single crystal MgO (001) substrates. The thickness of soft layer was varied from 0 
nm to 6 nm, whereas the hard layer thickness was kept constant to 10 nm. The hard 
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layer CoPt-SiO2 (10 vol.%) was deposited at 600 ºC by co-sputtering equiatomic CoPt 
and SiO2 targets. The soft layer was deposited at room temperature.  
4.2 Results and discussions 
Figure 4-1 shows the θ-2θ XRD spectra and hysteresis loops of CoPt-SiO2 
deposited at 600 C and room temperature (RT), respectively. For CoPt-SiO2 
deposited at 600 C, superlattice peak (001) was present in Figure 4-1 (a), indicating 
the formation of L10 phase. Figure 4-1 (b) showed easy axis of magnetization in the 
out-of-plane direction and Hc() was 7 kOe. Whereas CoPt-SiO2 deposited at RT 
showed fcc phase as shown in Figure 4-1 (c) and magnetic softness with in-plane easy 
axis of magnetization in Figure 4-1 (d). The magnetic softness was attributed to the 
fcc CoPt phase. Ku was estimated by the area method as reviewed in Section 2.4.5.1. 
Ku of CoPt-SiO2 deposited at 600 C was 1.2710
7
 erg/cc whereas that of RT was 
0.98106 erg/cc. Therefore in the following research, CoPt-SiO2 deposited at 600 C 




Figure 4-1 (a) and (c) θ-2θ XRD scans of the CoPt-SiO2 deposited at 600 C and 
room temperature, respectively; (b) and (d) Out-of-plane and in-plane hysteresis loops 
of the CoPt-SiO2 deposited at 600 C and room temperature, respectively. 
 
Figure 4-2 shows the θ-2θ XRD spectra of the single hard CoPt-SiO2 layer and 
the ECC media with different thickness of the soft layer. Here the angular data 
between 36º-44º was not shown to avoid the very large intensity of MgO peak in the 
plot. Only CoPt (001) and combined CoPt (200) and (002) peaks were detected 
corresponding to magnetic layers. The deposition parameters of the hard layer in all 
samples were kept unchanged. As a result, the same order parameters of hard layer in 
all samples were expected. However, it was difficult to differentiate (002) and (200) 
peaks. Therefore the combined (002) and (200) integrated peak intensity was used to 
calculate the long range order parameter. It was observed that with increasing soft 
layer thickness, the ratio slightly decreased, as shown in the inset of Figure 4-2. The 
decrease in this ratio was attributed to the increased contribution of (200) peak due to 




Figure 4-2 XRD spectra of CoPt-SiO2 (soft)/CoPt-SiO2 (hard) films with different soft 




Figure 4-3 shows the out-of-plane hysteresis loops of ECC media with 
different thickness of soft layer. The hysteresis loops for all the samples showed a 
single magnetic phase behavior, indicating a good exchange coupling between the 
hard and soft magnetic phases in these films. With increasing the soft layer thickness, 
magnetization squareness and coercivity decreased. The reduced squareness with 
increasing soft layer thickness was attributed to the canting of magnetization direction 
in the soft layer,
171
 which was explained as follows. When the applied field was 
sufficiently large, both the magnetization directions of hard and soft layers aligned 
along the field direction. However, when the field was removed, the soft layer 
preferred to obtain in-plane magnetization to minimize the demagnetization energy. 
Consequently, the effective magnetization of soft layer along the film normal 
decreased compared to the saturated state, and therefore the squareness was reduced.   
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 0nm soft layer
 2nm soft layer
 4nm soft layer
 6nm soft layer
 
Figure 4-3 Out-of-plane hysteresis loops of CoPt-SiO2 (soft) x nm/CoPt-SiO2 (hard) 
10 nm where x=0, 2, 4 and 6. 
 
Figure 4-4 shows the variation of Hc and Hcr with increasing soft layer 
thickness. Variation of Hcr calculated with exchange spring model
172
 and rigid 
coupling model
37
 were also plotted. There are two possible reasons for the reduction 
of Hcr: (1) exchange spring effect (ECC effect)—when a magnetic field is applied, a 
domain wall first nucleates in the soft layer and then quickly moves to the hard/soft 
interface and gets pinned there. Further increasing the applied field will compress the 
domain wall in the soft layer and force it to penetrate into the hard layer. When the 
applied field reaches a critical value, the domain wall breaks through the interface and 
propagates into the hard layer. This process is also called domain wall assisted 
switching.
172
 (2) Zeeman energy effect (rigid coupling effect)—the increase in soft 
layer volume increases the Zeeman energy during reversal. The Zeeman energy is 
proportional to Ms(hard)t(hard)+Ms(soft)t(soft). Therefore if the Zeeman energy was the 














  This applies to the case where 
the exchange interaction throughout the two sub-grains is so strong that the 
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magnetization always remains uniform. Figure 4-4 showed that the experimental 
results of Hcr dependence on soft layer thickness was significantly different from the 
switching field calculated by assuming rigid coupling between hard and soft layer. 
The reduction of Hcr as a function of soft layer thickness was consistent with the 
switching field calculated using the exchange spring model, indicating the Hcr 
reduction was due to ECC effect, not Zeeman energy effect. 
 



























Figure 4-4 Variation of Hc and Hcr of CoPt-SiO2 (soft)/CoPt-SiO2 (hard) media as a 
function of soft layer thickness. Hcr calculated with exchange spring model and rigid 
coupling between hard and soft layer were also included.  
 
From Figure 4-4, it was also observed that the reduction in the Hc and Hcr with 
increasing the soft layer thickness above 4 nm was not as obvious as below 4 nm. 
This indicated that different mechanisms may be responsible for magnetization 
reversal above and below 4 nm. The phenomena that Hcr first sharply decreased with 
increasing the soft layer thickness and then levelled off has also been reported by 
others and domain wall assisted switching was found to be the reason.
39
 Initially for 
soft layer thickness less than 4 nm, the reduction in coercivity may be attributed to the 
nucleation of domain wall in the soft layer followed by propagation of domain wall in 
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the hard layer. However, when the soft layer thickness was above domain wall width, 
it would not be very effective to reduce the Hc and Hcr. The theoretical domain wall 
width in L10 CoPt was calculated to be 4.6 nm.
173
 Therefore with increasing the soft 
layer thickness above 4 nm, the reduction of Hcr was not so obvious.  
The out-of-plane hysteresis loops of the single hard layer and ECC media were 
calculated based on the Landau-Lifshitz-Gilbert (LLG) equation, which was explained 
in the Appendix B. Figure 4-5 shows the hysteresis loops for the simulated grain with 
zero interlayer exchange coupling, i.e. the fully decoupled case. It could be clearly 
seen from Figure 4-5 that the switching was divided into two steps (soft and hard) for 
ECC media, regardless the soft layer thickness. But with increasing soft layer 
thickness, the soft portion became larger.  
 
































Figure 4-5 LLG calculated perpendicular hysteresis loops of CoPt-SiO2 (soft) x 
nm/CoPt-SiO2 (hard) 10 nm where x=0, 2, 4 and 6 with zero interlayer exchange 
coupling strength. 
 
Figure 4-6 shows the LLG calculated perpendicular hysteresis loops of CoPt-
SiO2 (soft) x nm/CoPt-SiO2 (hard) 10 nm where x=0, 2, 4 and 6 with 0.5, 1, 1.5 and 2 
μerg/cm exchange coupling strength, respectively. All the hysteresis curves exhibited 
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a single-step switching, as opposite to the two-step switching shown in Figure 4-5 
with zero interlayer exchange coupling strength. Hysteresis loops of 0.5 μerg/cm 
showed rounder shoulder in the second quadrant for 2 and 4 nm soft layer cases and 
slightly larger coercivity than other coupling strength cases. No significant change 
was found among 1, 1.5 and 2 μerg/cm cases. The simulated hysteresis loops were 
consistent with the experimental results in that with increasing soft layer thickness, 
the coercivity became smaller. 
 
 
Figure 4-6 LLG calculated perpendicular hysteresis loops of CoPt-SiO2 (soft) x 
nm/CoPt-SiO2 (hard) 10 nm where x=0, 2, 4 and 6 with (a) 0.5 μerg/cm, (b) 1 μerg/cm, 
(c) 1.5 μerg/cm and (d) 2 μerg/cm exchange coupling strength, respectively.  
 
To compare Hc as a function of soft layer thickness with different interlayer 
coupling strengths, Figure 4-7 was constructed. The variation of experimental Hc was 
consistent with the case of the strongest interlayer exchange coupling strength, 
indicating the coupling between the two layers in our study was strong. 
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Figure 4-7 Experimental and LLG calculated normalized perpendicular coercivity of 
CoPt-SiO2 (soft) x nm/CoPt-SiO2 (hard) 10 nm where x=0, 2, 4 and 6 with different 
exchange coupling strengths.  
 
In order to examine the change of the hysteresis loop as a function of 
interlayer exchange coupling strength, the M-H loops were simulated with fixed soft 
layer thickness as 4 nm. Figure 4-8 shows the perpendicular hysteresis loops of the 
fully decoupled, weak and strong exchange coupling cases. For zero and 0.1 μerg/cm 
coupling, two-step switching was observed, indicating exchange decoupled case. For 
0.3 and 0.5 μerg/cm coupling, the M-H loops exhibited weak coupling. With 
increasing interlayer exchange coupling strength to 1 μerg/cm and above, the M-H 
loops showed identical uniform switching behavior, indicating strong coupling 
strength. Figure 4-9 shows the variation of perpendicular coercivity as a function of 
interlayer exchange coupling strength extracted from Figure 4-8. It could be found 
that as increasing coupling strength between the hard and soft layers, the coercivity 
dropped significantly until strong coupling strength was present. Beyond this critical 




Figure 4-8 LLG simulated perpendicular hysteresis loops of CoPt-SiO2 (soft) 4 
nm/CoPt-SiO2 (hard) 10 nm with different interlayer exchange coupling strengths. 
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Figure 4-9 Variation of perpendicular coercivity of CoPt-SiO2 (soft) 4 nm/CoPt-SiO2 
(hard) 10 nm as a function of different interlayer exchange coupling strengths. 
 
Figure 4-10 shows the angular dependence of remanent coercivity (Hcr) of the 
singe hard layer and ECC media. The results indicated a much lower switching field 
and better tolerance of angular dispersion for ECC media, compared with single hard 
magnetic layer, which was consistent with the simulation results of Victora and 
Shen.
36
 From the normalized angular dependence of Hcr (inset of Figure 4-10), more 
incoherent switching behavior was observed with increasing soft layer thickness. 
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Moreover, from differentiation of DC demagnetization curve, the switching field 
distribution could be obtained. It dropped from 4638 Oe (single hard layer) to 3311 
Oe (2 nm soft layer), and further to 2803 Oe (4 nm soft layer), and increased to 5038 
Oe (6 nm soft layer). Considering the fact that as the thickness of the soft layer 
increased above 4 nm, the reduction of Hcr was less effective; soft layer thickness 
above 4 nm also caused increased switching field distribution. Different 
magnetization reversal mechanisms may be responsible for this. 
 
 
Figure 4-10 Angular dependence of the remanent coercivity of CoPt-SiO2 (soft)/CoPt-
SiO2 (hard) films for different soft layer thickness. Inset shows normalized angular 
dependence of remanent coercivity. 
 
The thermal stability of magnetic recording media could be determined using 
Sharrock’s equation as illustrated in 2.4.3.1. Figure 4-11 shows the thermal stability 
factor (TSF) KuV/kBT of the single hard layer film and the ECC media obtained from 
remanent coercivity versus time measurement. The TSF was 477 for the single hard 
layer media and 516 for the ECC media with soft layer thickness 2 nm. The slightly 
larger value of TSF for ECC media with 2 nm soft layer may be attributed to the 
increased switching volume due to the strong exchange interaction between the hard 
and soft layer. Suess also reported the enhanced thermal stability for thicker soft layer 
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due to the magnetic charges at surface perpendicular to the film plane which were 
created by the domain wall in the soft layer and increased with film thickness.
175
 
However, with further increasing the soft layer thickness to 4 nm, the TSF decreased 
drastically to 153. The decrease of TSF may be associated with the different magnetic 
reversal mechanisms. More incoherent switching behavior was observed with 
increasing soft layer thickness.  
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Figure 4-11 Thermal stability factor as a function of different soft layer thickness. 
 
Figure 4-12 (a)-(d) shows the TEM plane-view images of ECC media with 2 
and 4 nm soft layer, respectively. In terms of grain isolation, there was no obvious 
change in the plane-view images with different soft layer thickness. Cross-section 
TEM images of single hard layer film and the ECC media were displayed in Figure 
4-13 (a)-(d). It was found that the grains in the soft layer were isolated but the hard 
layer exhibited continuous film structure. Therefore these films were not technically 
ECC media because the soft grains were not deposited one-on-one on the hard grains. 
In the future, fabrication of ECC media with isolated grains throughout hard and soft 




Figure 4-12 Plane-view images of ECC media with (a), (b) 2 nm soft layer; and (c), (d) 
4 nm soft layer. 
 
 
Figure 4-13(a)-(d): Cross-section images of CoPt-SiO2 (soft) x nm/CoPt-SiO2 (hard) 
10 nm where x=0, 2, 4 and 6. 
 
In order to further investigate the interlayer exchange coupling effect, the 
recoil loops of single hard layer film and the ECC media were collected and shown in 
Figure 4-14. The recoil susceptibility is an index of the exchange coupling strength of 
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the phases in a material.
176
 It was found that with increasing soft layer thickness, 
larger recoil loop susceptibility was obtained. It could be explained by a larger 
recoverable portion of the magnetization retained when the applied reversal field was 
lower than the nucleation field of the hard magnetic phase for the sample with thicker 
soft layer. It indicated that larger exchange coupling between soft and hard magnetic 
grains was present in film with thicker soft layer than with thinner soft layer. It 
confirmed that soft layer thicker than 4 nm may be associated with strong coupling 
and thus was not effective to reduce Hc() from Figure 4-9. According to the 
micromagnetic study of Kneller and Hawig
176
, a single phase alloy was associated 
with closed recoil loops due to the completely reversible behavior along the recoil line. 
Zheng et al.
177
 reported the recoil loop hysteresis could be enlarged due to the 
presence of a soft magnetic phase. Therefore in our case the enlarged recoil area 
associated with 6 nm soft layer could be contributed to more soft magnetic phase and 




Figure 4-14 Recoil loops of CoPt-SiO2 (soft) x nm/CoPt-SiO2 (hard) 10 nm where x=0, 
2, 4 and 6. 
 
4.3 Summary 
The effect of interlayer exchange coupling on the L10 CoPt based exchange 
coupled composite media was investigated both experimentally and theoretically. 
With increasing the thickness of the soft layer, both the coercivity and magnetization 
squareness of ECC media decreased. For direct interlayer coupling at the soft/hard 
interface, increasing the soft layer thickness below 4 nm was effective to significantly 
reduce the switching field. When the thickness of the soft layer was above 4 nm, the 
reduction of Hcr was less effective. More incoherent switching behavior was observed 
with increasing soft layer thickness.  
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Chapter 5 Development of L11 phase CoPt on single crystal substrates and 
glass substrates  
As reviewed in Chapter 1, the L11 CoPt has comparable magnetocrystalline 
anisotropy (~4107 erg/cm3) and lower fabrication temperature (300-400 °C) than L10 
CoPt,
4, 83
 which presents it as a potential candidate for high density magnetic 
recording media. In this chapter, L11 phase CoPt was developed on both single crystal 
substrates and glass substrates. 
5.1 Development of L11 phase CoPt on single crystal substrates 
In this section, different underlayers (Ru, Ir and Pt) were used to induce the 
L11 CoPt (111) texture because the lattice mismatch between CoPt (111) and MgO 
(111) single crystal substrate is as large as 9 %. Whereas the lattice mismatch between 
Ru (001), Ir (111), Pt (111) underlayer and L11 CoPt (111) is 0.5 %, 0.2 %, and -
2.0 %, respectively. It was expected that these underlayers with smaller lattice 
mismatch would help induce the L11 CoPt (111) texture. The interfacial effects of 
different underlayers were investigated. 
5.1.1 Experimental methods 
A 30 nm underlayer (Ru, Ir or Pt) was sputtered on heated MgO (111) single 
crystal substrates before a 10 nm-thick CoPt film was deposited. 4 nm Ta was used as 
capping layer. The MgO substrates were heated at 600 °C for 30 min to release the 
stress and remove the absorbed foreign molecules before thin film deposition. The 
substrate temperature was kept to 300 °C for underlayer and magnetic layer. The 
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chemical composition of CoPt layer was controlled by adjusting the deposition 
powers of pre-determined deposition rate, and was determined to be Co51Pt49 by XPS.  
5.1.2 Results and discussions 
Figure 5-1 shows the θ-2θ XRD scans of the as-deposited samples with 
different underlayers. Superlattice peaks of L11 CoPt (111) were detected for all films 
with Ru, Ir and Pt underlayers, indicating the formation of L11 ordered structures. The 
Ru (002), Pt (111) and Ir (111) peaks from the underlayers were also clearly observed. 
The unlabelled peaks were from MgO substrate, which was confirmed by the XRD 
spectrum of pure MgO substrate. For the sample directly grown on MgO substrate 
without any underlayer, no CoPt (111) peak was present. It was reported that inserting 
an underlayer could reduce the onset temperature of L11 ordering.
86
 Therefore 300 °C 
in this study may be insufficient for the formation of L11 CoPt on MgO substrate.  
 
          
Figure 5-1 XRD spectra of CoPt films with different underlayers. 
 
The order parameter S was determined from the integrated intensity of the 
superlattice and the fundamental peaks of the L11 phase.
133
 The results indicated that 
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the Ru-underlayered film had the highest order parameter of around 0.62. The value 
of S was 0.59 for Ir underlayer film, and 0.53 for Pt underlayer. 
To confirm epitaxial growth, additional Bragg reflections lying in the off-
specular directions are required. The off-specular MgO (200), Ru (101) and CoPt (200) 
phi scans (54.7°, 61.3° and 69.9° away from the specular rod, respectively), MgO 
(200), Pt (200) and CoPt (200) phi scans (54.7°, 54.7° and 69.9° away from the 
specular rod, respectively) and MgO (200), Ir (200) and CoPt (200) phi scans (54.7°, 
54.7° and 69.9° away from the specular rod, respectively) were investigated to 
demonstrate the epitaxial relationships of CoPt/Ru/MgO, CoPt/Pt/MgO and 
CoPt/Ir/MgO, respectively, as illustrated in Figure 5-2. For the sample with Ru 
underlayer, six Ru (101) diffraction peaks with an even spacing of 60° were observed 
in the phi scan spectrum and six CoPt (200) peaks with the same spacing were also 
found at the same positions as in Figure 5-2 (a). This indicated that the CoPt (200) 
reflection followed the Ru (101) reflection, confirming that the L11 CoPt film was 
indeed epitaxially grown on the Ru underlayer. The azimuthal pattern for CoPt film 
on Pt or Ir underlayer was more complex than that of Ru underlayer. As shown in 
Figure 5-2 (b) and (c), the phi scan patterns for Pt (or Ir) (200) and CoPt (200) had 
two sets of 120°-spaced peaks with one set of the peaks displaced by 60° from the 
peaks of the other set. This indicated that there were two differently oriented crystal 
domains, each with a threefold axis perpendicular to the MgO (111) substrate. The 
two domains in the film were related by a 60° in-plane rotation, and the epitaxial 
relationships between the CoPt film, Pt (Ir) underlayer and the MgO substrate were: 
Domain A:  
CoPt (111) // Pt (Ir) (111) // MgO (111) and CoPt [ 011

] // Pt (Ir) [ 011





Domain B:  
CoPt (111) // Pt (Ir) (111) // MgO (111) and CoPt [ 110

] // Pt (Ir) [ 011






Figure 5-2 Off-specular phi scans of samples with (a) Ru, (b) Pt, and (c) Ir 
underlayers. 
 
As shown in Figure 5-2 (b) and (c), the intensity of one domain was higher 
than that of the other domain. This indicated that one domain was dominant and/or 
had a higher degree of long-range order than the other domain. Note that two 




To investigate the interfacial condition, the XRR profiles of CoPt/Ru (Pt, Ir) 
were obtained. The experimental and fitted curves were present in the Appendix C. 
From XRR results, the interface roughness between CoPt film and MgO substrate 
without underlayer was 2.121  0.315 nm, which was characteristic of rough interface. 
The surface roughness of MgO substrate may be due to the high temperature thermal 
process before deposition. The rough interface and the large lattice mismatch (9%) 
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were believed to be the reasons for the absence of L11 phase CoPt. In spite of the 
limitations imposed by the simulation model, which needs to reproduce the real 
material as composed of plane layers, useful information like the nature of the 
interfaces could be derived from the fitting of X-ray reflectivity spectra. For the 
sample with Ru underlayer, sharp interface between CoPt and Ru could be used to 
simulate correctly the specular intensity, which indicated that no inter-diffusion 
occurred at CoPt/Ru interface. Since there was no inter-diffusion and the interface 
was sharp, the interface roughness between CoPt and Ru could be determined with 
XRR to be 1.174 ± 0.179 nm, which was reduced compared with that of MgO 
substrate. It is believed that the smoother interface contributed to the improved 
ordering. For the sample with Pt (Ir) underlayer, significant modification of the 
electronic densities of CoPt and Pt was needed in order to simulate correctly the 
specular intensity. It was found that, apart from the pure CoPt and Pt (Ir), some layers 
of intermediate electron densities had to be introduced. This indicated the presence of 
an inter-diffusion process between CoPt layer and the Pt or Ir layer. For the interface 
with inter-diffusion and gradual composition change, it is difficult to define the 
interfacial roughness between the underlayer and the magnetic layer because the 
interface was no longer sharp but was a several-nanometer thick region.  
Figure 5-3 shows the TEM cross-section image of CoPt layer grown directly 
on MgO single crystal substrate. The lattice spacing of CoPt along the [111] axis was 
0.225 nm, which was corresponding to the fundamental CoPt (222). Figure 5-4 (a) 
and (b) show the TEM cross-section images of CoPt grown on Ru underlayer. From 
Figure 5-4 (a) it can be seen that the interfacial boundary between CoPt and Ru was 
very sharp as Ru was not mixed with CoPt. The inset in Figure 5-4 (b) is the inverse 
fast Fourier transform (iFFT) image of CoPt layer. The lattice spacing of CoPt along 
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the [111] axis was derived from the iFFT to be 0.456 nm, corresponding to 
superlattice CoPt (111), which was consistent the XRD result.  
 
 
Figure 5-3 TEM cross-section image of CoPt layer grown directly on MgO substrate. 
 
 
Figure 5-4 (a) and (b): TEM cross-section images of CoPt grown on Ru underlayer. 
 
Figure 5-5 (a)-(c) show the TEM cross-section images of CoPt on Ir 
underlayer. As contrasted with the sharp interface at CoPt/Ru, no obvious interfacial 
boundary between CoPt and Ir was observed due to the similar scattering contrast and 
inter-diffusion between CoPt and Ir. From Figure 5-5 (c) a region of several 
nanometers between CoPt and Ir could be identified, which confirmed the inter-
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diffusion occurred within this region. It was consistent with the observation by XRR 
measurement. From Figure 5-5 (b), the continuous lattice fringes of the Ir layer and 
CoPt layer clearly revealed a high degree of crystallinity and orientation, which was 
responsible for the epitaxial growth.  
 
 
Figure 5-5 (a)-(c): TEM cross-section images of CoPt grown on Ir underlayer. 
 
Figure 5-6 (a)-(c) show the TEM cross-section images of CoPt grown on Pt 
underlayer. As contrasted with the sharp interface between CoPt and Ru, the interface 
between CoPt and Pt was diffuse, which was consistent with the observation by XRR 
measurement. It confirmed that inter-diffusion occurred between Pt underlayer and 
CoPt, which was similar as in the case of CoPt/Ir. 
 
 
Figure 5-6 (a)-(c): TEM cross-section images of CoPt grown on Pt underlayer. 
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To further confirm the inter-diffusion between CoPt and underlayers, RBS 
measurement was carried out. The experimental data and simulated curves of RBS 
spectra of CoPt on different underlayers were shown in the Appendix D. From the 
RBS results, the best fitted curve for Ru underlayer could be obtained by assuming a 
sharp interface between the CoPt layer and Ru underlayer. In contrast, the best fitted 
simulation for Pt (Ir) could be obtained only by incorporating a 5 nm-thick 
intermediate layer between CoPt layer and Pt (Ir) underlayer. This indicated diffusion 
occurred across the interface, which was consistent with the XRR and TEM results.  
Table 5.1 shows the room temperature Ms, Hc, Ku, and the order parameter S. 
All samples had similar Ms values of around 760 emu/cm
3
, indicating Ms was 
insensitive to chemical ordering and therefore the structure. Ku was estimated by 
measuring the area included between the magnetization curves. It was found that Ku 
and Hc were directly related to S, which increased as S increased. The higher S with 
Ru underlayer could be due to the sharp interface between CoPt and Ru underlayer. 
Whereas for Pt (Ir) underlayer, inter-diffusion occurred at the CoPt/Pt (Ir) interface 
and two different crystal domains formed. The order parameter was therefore reduced 
compared to Ru underlayer. 
 
Table 5.1 Room temperature saturation magnetization (Ms), perpendicular coercivity 
(Hc), anisotropy constant (Ku), and the order parameter S. 
underlayer Ms (emu/cc) Hc(Oe) Ku(×10
7 
erg/cc) S 
Ru 785 1687 1.89 0.62 
Ir 727 1031 1.31 0.59 
Pt 750 949 1.19 0.53 
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It is to note that the coercivity was small, even though the Ku was as high as in 
the order of 10
7
. The small coercivity was originated from the lack of pinning sites 
and the domain wall motion during magnetic reversal,
84, 86
 which limited the 
applicability of these films as recording media. Therefore, Cu was doped into CoPt to 
deliberately create more pinning sites, which will be shown in Section 5.2.3. 
5.1.3 Summary 
A series of CoPt films were deposited on MgO (111) substrates with or 
without underlayers. Very rough interface like CoPt/MgO would suppress L11 
ordering; and that inter-diffusion occurred at CoPt/Pt (Ir) interface. Therefore, sharp 
interface such as CoPt/Ru is necessary to obtain good ordering.  
5.2 Development of L11 phase CoPt on glass substrates 
In the following sections, L11 CoPt (111) films were deposited on glass 
substrates. The evolution of chemical ordering and magnetic properties with 
increasing CoPt media film thickness will be illustrated in Section 5.2.1. The effects 
of intermediate layer on structure and resultant magnetic properties will be 
investigated in Section 5.2.2. Grain size reduction and ordering improvement with Cu 
doping will be studied in Section 5.2.3. 
5.2.1 The evolution of chemical ordering and magnetic properties by varying CoPt 
film thickness 
5.2.1.1 Experimental methods 
10-50 nm CoPt films were co-sputtered on glass substrates, with a 30 nm Ru 
underlayer and a 4 nm Ta seedlayer. Ta could provide a smooth surface for the Ru 
underlayer. The lattice parameter of L11 CoPt is a=0.534 nm and the angle α between 
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crystal axes of the rhombohedral cell is 61.5°. The atomic spacing in the (111) plane 
can be calculated as asin(α/2)=0.272 nm. Ru is hcp structure with lattice parameter 
a=0.270 nm, corresponding to a lattice mismatch δ=0.5% with L11 CoPt (111).  
5.2.1.2 Results and discussions 
Figure 5-7 shows the θ-2θ XRD scans of the samples with different thickness. 
L11 CoPt (111) and (333) peaks were detected for all the films, indicating the 
formation of L11 ordered structures. The easy axis distribution was around 2° for all 
the samples, regardless of film thickness, indicating the texture of CoPt was governed 
by that of the underlayer, and CoPt (111) planes were epitaxially grown on Ru (002) 
planes. Variation of order parameter as a function of film thickness was plotted in 
Figure 5-8. It decreased with increasing film thickness from 0.5 (10 nm CoPt) to 0.3 
(50 nm CoPt). Note that the highest reported order parameter for 10 nm and 50 nm 
L11 CoPt grown on MgO single crystal substrate with Ru underlayer is 0.54 and 0.4, 
respectively.
83, 86
 Here in our case, comparable order parameters were obtained on 
glass substrates, which indicated the films were highly chemical ordered.  
 
      
Figure 5-7 XRD spectra of CoPt films with different thickness. 
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Figure 5-8 Variation of order parameter as a function of film thickness. 
 
Figure 5-9 shows the hysteresis loops of CoPt films with various film 
thicknesses. The perpendicular magnetization curves of films thinner than 30 nm 
exhibited almost 100% remanence. With further increasing film thickness, the 
squareness decreased and the nucleation field changed from negative to positive.  
 
 
Figure 5-9 Hysteresis loops of CoPt films with different thicknesses. 
 
Figure 5-10 (a) shows nucleation field (Hn) and coercivity as a function of film 
thickness. The increasing coercivity with decreasing film thickness may be due to the 
increasing ordering or the increasing impedance for domain wall motion which would 
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be explained by the following initial curve measurement. The positive Hn of thicker 
films indicated the spontaneous nucleation of oppositely magnetized domains. It was 
due to the absence of pinning sites and thus low impedance, which caused the domain 
wall to spontaneously nucleate before the positive field was reduced to zero. For 
thinner films, the nucleation was delayed until the field reached zero and became 
negative and aided the samples’ demagnetizing field. Note that increasing sample 
thickness in films with a high degree of chemical order has also been observed to 
promote nucleation in external positive field.
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 Initial curves of selected samples 
were measured to confirm the increasing impedance for domain wall motion of 
thinner films, as shown in Figure 5-10 (b). The magnetization increased gradually up 
to a certain field Hp, and linearly increased above Hp. Below Hp, pinning sites such as 
grain boundaries hindered the domain wall motion. Hp of 10 nm CoPt was larger than 
that of 30 nm and 50 nm CoPt, indicating increasing impedance with decreasing film 
thickness. The grain size was presumed to decrease with decreasing film thickness, 




Figure 5-10 (a) Nucleation field and coercivity as a function of film thickness. 
(Dashed lines are guide to the eyes); (b) Initial curves of 10, 30 and 50 nm CoPt films. 
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To confirm the variation of grain size versus film thickness, microstructures 
were displayed in Figure 5-11. The grain size was around 23, 30 and 45 nm, 
corresponding to 10 nm, 30 nm and 50 nm films, respectively. The grain size 
increased with increasing film thickness, thus confirming the above analysis. 
 
 
Figure 5-11 (a)-(c) Bright-field images and (d)-(f) dark-field images of CoPt films 
with thickness 10, 30 and 50 nm, respectively. 
 
The anisotropy constant was measured by the 45° method, as reviewed in 
Section 2.4.5.2. Figure 5-12 shows the intrinsic first order anisotropy constant K1 as a 
function of film thickness. The errors of K1 arose from the extrapolations needed to 
extract the values of K1
eff
 and Ms and were varied for individual fits. It could be found 
that the K1 decreased with increasing film thickness, which was consistent with the 
order parameter dependence on the film thickness. The reduction in the K1 was due to 
the lower chemical ordering for thicker CoPt layer. Thus comparing the magnetic 
properties with chemical ordering, it was observed that the large coercivity 
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corresponding to 10 nm CoPt film was attributed to the high magnetic anisotropy, 
which in turn depended on high degree of chemical ordering. (S=0.5) 






































Figure 5-12 Plot of K1 and Q as a function of film thickness. 
 
It is usually believed that Ku exhibits perpendicular magnetization when the 








  is greater than 1. Here the effective first order anisotropy 
constant K1
eff
 was used for the magnetocrystalline anisotropy constant Ku. After 
calculation of samples with different thickness, it was found that for 10-30 nm 
samples, quality factor Q>1, whereas for 40 and 50 nm samples Q<1, which was 
shown in Figure 5-12. It has been reported that perpendicular magnetization could 
remain possible when Q<1, but in a multi-domain state, which is stabilized by the 
stray field from a maze of stripe domains.
180
 Therefore, in order to investigate the 
domain structures, the magnetic force microscopy images of CoPt films with different 
thickness were shown in Figure 5-13. After AC demagnetization, highly 
interconnected stripe domains were observed in the films thicker than 30 nm; whereas 
for films thinner than 30 nm, the structure abruptly changed from stripe domains to 
128 




Figure 5-13 Magnetic force microscopy images of CoPt films with different thickness. 
 
Figure 5-14 is a plot of domain size (d) versus film thickness (t). Domain size 
was measured on various parts of a few images taken at each thickness and the mean 
value is displayed. 10 nm film had large domains and increasing film thickness led to 
smaller domains. For films with thickness well above the dipolar length D0, there is a 
prediction of increasing domain size with film thickness: 0Dtd  , t≥D0.
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Obviously, this prediction is invalid for the thickness range of the present samples. 
Kaplan et al.
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lex<t≤D0. The characteristic length, or the so-called dipolar length D0 is a balance 
between domain wall energy and demagnetizing energy, and is defined as
2
0 2/ sw MD  , where σw is the wall energy density per unit area.
20
 Assuming 180° 
129 








 . If we use 
the Ku values from the 45° method, and Ms from hysteresis curves, the individual D0 
could be calculated for each film thickness. Plotting these data according to the above 
Kaplan’s expression yielded a good correlation with a linear fit, as shown in the inset 
of Figure 5-14. The good fitting also confirmed the 45° method for Ku measurement. 
 


































Figure 5-14 Domain size d as a function of film thickness t. Inset shows plot of ln(d/t) 
as a function of π/(2t). 
 
5.2.1.3 Summary 
In summary, L11 CoPt films with different thicknesses were studied. Small Hc 
and positive Hn implied low impedance for domain wall motion for thicker films. 
Magnetic domain structure changed from large and irregular domains to highly 
interconnected stripes with increasing CoPt thickness. Large coercivity for 10 nm 
CoPt film was attributed to a combination of large chemical ordering and high 
magnetic anisotropy. 
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5.2.2 Effects of intermediate layer on structure and magnetic properties of L11 CoPt 
thin films 
In last section, L11 CoPt (111) films with high magnetic anisotropy were 
obtained on glass substrates with Ru underlayer. The lattice mismatch between L11 
CoPt (111) and Ru (002) is 0.5%. In this section, the effects of Pt and Ir intermediate 
layers in between Ru and CoPt layer on the crystal structure and magnetic properties 
were investigated. The Ir (111) and Pt (111) had atomic spacing of 0.271 nm and 
0.277 nm and thus lattice mismatch of 0.2% and -2.0%, respectively. In order to 
obtain highly textured Pt (111) and Ir (111) plane, Ru (0001) underlayer on glass 
substrates was utilized as a template. The samples used in this experiment had the 
following structure: glass/Ta(4 nm)/Ru(30 nm)/Pt or Ir (0-6 nm)/CoPt(10 nm).  
5.2.2.1 Pt intermediate layer 
Figure 5-15 shows the XRD spectra of CoPt thin films with various 
thicknesses of Pt intermediate layer. Superlattice peaks of L11 CoPt (111) and (333) 
were detected for the film without intermediate layer, indicating the formation of L11 
ordered structure. The integrated peak intensity of CoPt (111) peak increased after 
introduction of a 2 nm Pt intermediate layer. Further increasing Pt layer thickness 
caused CoPt (111) and (333) peaks disappeared. The order parameter was calculated 
and it increased from 0.32 to 0.47 after introducing a 2 nm Pt layer, and decreased 
with further increasing Pt layer thickness to 4 and 6 nm. From the inset of Figure 5-15, 
the Pt (111) peak shifted to lower 2θ angle with the increase of Pt layer thickness, 
which suggested that the strain arising from the misfit between Pt and Ru underlayer 
released gradually. 
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Figure 5-15 XRD spectra of CoPt thin films with various thicknesses of Pt 
intermediate layer. Inset shows the enlarged area of Pt (111) peak. 
 
Figure 5-16 shows the values of Ku, Ms and Hc with different Pt intermediate 
layer thickness. All the samples had similar Ms values of around 760 emu/cm
3
, 
indicating that Ms was insensitive to chemical ordering. Hc () of CoPt films 
increased from 1766 to 2038 Oe when Pt thickness increased from 0 to 2 nm. Further 
increase of Pt layer thickness resulted in a reduction of coercivity to 1470 Oe. From 
M-H loops, it was found that the saturation field of the in-plane M-H loop was much 
larger than that of the out-of-plane M-H loop, whereas Hc () was larger than Hc (//). 
These results revealed a strong perpendicular magnetic anisotropy and therefore Ku 
could be estimated using the area enclosed between the perpendicular and in-plane M-
H loops. Ku of CoPt without intermediate layer was 110
7
 ergs/cc. With a 2 nm Pt 
layer, Ku was increased to 1.110
7
 ergs/cc. As Pt layer thickness further increased, Ku 
was decreased to 6.8106 erg/cc. Thus comparing the magnetic properties with 
chemical ordering, the large coercivity corresponding to 2 nm Pt intermediate layer 
was attributed to the high magnetic anisotropy and high degree of chemical ordering. 
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Figure 5-16 Values of anisotropy (Ku), out-of-plane coercivity (Hc) and saturation 
magnetization (Ms) as a function of Pt intermediate layer thickness.  
 
In order to examine the diffusion at the interface, XPS in-depth profiles of the 
samples with and without a 6 nm Pt buffer layer were measured, as illustrated in the 
Appendix E. However, it was not easy to achieve high resolution depth analyses, 
mainly due to finite detection depth of photoelectrons (in general>1 nm) and interface 
roughness. Therefore it is very difficult to judge the degree of atomic diffusion at 
interfaces only from XPS depth profiles. However, from Section 5.1 we could see that 
inter-diffusion occurred at CoPt/Pt interface on MgO substrate. It was thus believed 
that diffusion of Pt into CoPt layer would make a Pt-rich interface and the Pt-rich 
region may result in the improved magnetic anisotropy in the present study. 
In order to obtain the lattice spacing of CoPt and Pt along the [111] axis, the 
cross-sectional TEM images of the samples without Pt intermediate layer and with 2 
and 6 nm Pt layer were shown in Figure 5-17. The lattice fringes of the Ru layer 
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clearly revealed a high degree of crystallinity and orientation, which facilitated the 
excellent epitaxial growth for the above CoPt layer. The insets are the inverse Fast 
Fourier Transform (iFFT) images of CoPt and Pt layers. The lattice spacing of CoPt 
(d222) along the [111] axis was derived from the iFFT and it was 0.221 nm, 0.217 nm 
and 0.228 nm for the sample without intermediate layer, with 2 nm and 6 nm Pt layer, 
respectively. Noted that the lattice spacing of CoPt (d222) was 0.215 nm for highly 
ordered L11 CoPt,
3
 the lattice spacing of CoPt (d222) with 2 nm Pt was the closest to 
this value. From the iFFT of Pt layer, the Pt (d111) could also be determined. For 6 nm 
Pt layer, the lattice spacing of Pt along the [111] axis was 0.229 nm, which was 
consistent with bulk Pt. For the 2 nm Pt layer, the lattice spacing was 0.210 nm, 
shrinked by 7.5% with respect to bulk Pt (d111). It confirmed that the strain arising 
from the crystalline lattice misfit was released with increasing Pt thickness as was 
observed from the inset of XRD spectra. From the lattice spacing of CoPt and Pt, the 
smaller lattice spacing of CoPt (d222) with 2 nm Pt was attributed to the smaller lattice 
spacing of the underlying Pt (d111). The lattice spacing of CoPt (d222) with 2 nm Pt 
was the closest to the highly ordered L11 CoPt and therefore this sample had the 
higher chemical ordering. 
 
 
Figure 5-17 Cross-section TEM images of the films with Pt layer thicknesses (a) 0 nm, 
(b) 2 nm and (c) 6 nm. The insets are the iFFT images of CoPt and Pt layers. 
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5.2.2.2 Ir intermediate layer 
Figure 5-18 shows the XRD spectra of CoPt thin films with various 
thicknesses of Ir intermediate layer. Superlattice peaks of L11 CoPt (111) were 
detected for all the samples, indicating the formation of L11 ordered structures. 
Superlattice peak of L11 CoPt (333) disappeared after introduction of Ir intermediate 
layer. The order parameter S decreased from 0.47 (0 nm Ir layer) to 0.24 (2 nm Ir 
layer), and continued to decrease with further increasing Ir thickness. The degree of 
the CoPt (111) texture of the samples was characterized by rocking curves. The ∆θ50 
of CoPt (111) peak was 2.8º, 3.0º, 3.3º and 4.0º for Ir=0-6 nm, respectively. The c-
axis distribution became larger with increasing Ir layer thickness, which confirmed 
worse texture with thicker Ir layer. 
 
               
Figure 5-18 XRD spectra of CoPt films with various Ir thicknesses.  
 
Figure 5-19 shows the values of Ku, Ms and Hc with different Ir intermediate 
layer thickness. Like Pt intermediate layer, all samples with Ir layer had similar Ms 
values of around 760 emu/cm
3
, indicating that Ms was insensitive to chemical 
ordering. Ku and Hc of CoPt films both decreased with increasing Ir thickness. The 
higher Ku of CoPt without Ir intermediate layer was attributed to the higher chemical 
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ordering of CoPt layers. The higher chemical ordering and higher magnetic anisotropy 
for the sample without Ir layer lead to higher out-of-plane coercivity. 
 












































Figure 5-19 Values of anisotropy (Ku), out-of-plane coercivity (Hc) and saturation 
magnetization (Ms) as a function of Ir intermediate layer thickness.  
 
Cross-sectional TEM images of the samples with 0, 2 and 6 nm Ir layer were 
shown in Figure 5-20. The insets are the iFFT images. The lattice spacing of CoPt 
along the [111] was derived from the iFFT and it was 0.221 nm, 0.225 nm and 0.231 
nm for the sample without intermediate layer, with 2 nm Ir layer and with 6 nm Ir 
layer, respectively. Noted that the lattice spacing of CoPt (d222) was 0.215 nm for 
highly ordered CoPt,
84
 the lattice spacing of CoPt (d222) was expanded with increasing 
Ir layer thickness. Therefore the chemical ordering was reduced after introduction of 
Ir intermediate layer. From the cross-section TEM images, the Ir (d111) could also be 
determined, which increased from 0.223 nm to 0.232 nm when Ir changed from 2 nm 
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to 6 nm. Although the atomic distance in the Ir (111) plane could not be determined 
from the images, a compression was expected due to the strain from the Ru 
underlayer (atomic spacing of Ru(002)=0.270 nm and Ir(111)=0.271 nm), as 
previously observed for epitaxial growth of MgO on Fe (001) 
183
 where the lattice 
spacing of MgO along [001] expanded by 5%, compressed along the [100] axis by 
1.2%. Therefore, with increasing Ir thickness, the atomic distance in the Ir (111) plane 
was reduced. Considering the fact that atomic distance of Ir (111) is already smaller 
than that of L11 CoPt (111), reducing atomic distance with increasing Ir thickness 
would deteriorate the L11 CoPt ordering. 
 
 
Figure 5-20 Cross-section TEM images of the films with Ir layer thickness (a) 0 nm, 
(b) 2 nm and (c) 6 nm. The insets are the iFFT images of CoPt and Ir layers. 
 
5.2.2.3 Comparison between Pt and Ir layers 
Comparing Pt and Ir intermediate layer, after introducing a 2 nm Pt 
intermediate layer, the degree of chemical ordering and the magnetic anisotropy of the 
CoPt film were improved; whereas after introducing an Ir intermediate layer, the 
chemical ordering and magnetic anisotropy were reduced. It had been expected that Ir 
intermediate layer was better in reducing the lattice mismatch between Ru underlayer 
and CoPt layer due to the appropriate atomic distance in the (111) plane, which is 
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0.271 nm between the atomic spacing of Ru (0.270 nm) and that of CoPt (0.272 nm). 
However, the crystalline cell of 2-6 nm Pt or Ir intermediate layers were distorted on 
Ru underlayer, as confirmed by different lattice spacings from TEM images. Some 
studies were conducted to demonstrate the best chemical ordering was not from the 
minimum lattice mismatch, but from the proper lattice mismatch which gave certain 
strain to the lattice for desired lattice structure.
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 L11 CoPt phase formed favorably 
with the aid of the contracted strain along the [111] axis, therefore Pt intermediate 
layer was better than Ir in improving the chemical ordering and magnetic anisotropy.  
5.2.2.4 Summary 
The effects of Pt and Ir intermediate layer on the structural and magnetic 
properties of CoPt films were investigated. After introducing a Pt intermediate layer 
with an appropriate thickness (2 nm), the degree of ordering of the CoPt films and the 
magnetic properties were significantly improved; whereas after introducing Ir 
intermediate layer, the chemical ordering and magnetic anisotropy were both reduced. 
5.2.3 Grain size reduction and ordering improvement of L11 phase CoPt by Cu 
doping 
As in the case of L10 CoPt, the grain size reduction for L11 CoPt also needs 
attention. Moreover, the low ordering parameter and small coercivity originated from 
the domain wall motion during magnetic reversal are also needed to be addressed. 
Therefore Cu doping into L11 CoPt was proposed. The use of Cu is based on the 
following reasons: (1) L11 CuPt is thermodynamically stable at room temperature 
with the lattice parameter similar to that of L11 CoPt, which may preserve the L11 
structure of CoPt and improve the alignment of c-axis; (2) Cu is in-soluble to Co, 
which is essential for compositional segregation.  
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5.2.3.1 Experimental details 
The CoCuPt films were deposited by co-sputtering from Co, Cu and Pt targets. 
The chemical composition of Co50-xCuxPt50 films was controlled by adjusting the 
sputtering powers of these targets, and was confirmed by EDS. The film thickness 
was 10 nm. A 30 nm thick Ru underlayer with 4 nm thick Ta seedlayer were used. 
The substrate temperature was kept to 300 °C for all the layers.   
5.2.3.2 Results and discussions 
Figure 5-21 shows the X-ray diffraction patterns for Co50-xCuxPt50 films with 
various Cu contents. All films had a preferred crystal orientation with the close-
packed plane parallel to the film plane. Diffraction lines of CoCuPt L11 (111) and 
(333) planes were observed in all patterns, indicating the formation of the L11 type 
ordered structure. In the CoPt binary film, the (111) and (333) peaks were very broad 
and weak with FWHM greater than 10° and 7°, respectively, revealing presence of 
planar defects and lattice distortion. According to our results, adding Cu can 
significantly reduce FWHM to about 2°, which was evidence of the improved quality 
of L11 phase. For L10 CoPt thin films, doping Cu could reduce the ordering 
temperature due to the diffusion of Cu atoms into the CoPt which could suppress the 
activation energy for the fcc to fct transformation.
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 However, the results of L11 
CoCuPt thin films were different. After reducing the deposition temperature from 300 
to 250 °C, the superlattice peak CoPt (111) disappeared (data not shown here), 
indicating that Cu addition in L11 CoPt could not reduce the phase transformation 
temperature as in the case of L10 CoPt.  
Figure 5-22 (a) plots order parameter S as a function of Cu composition. It was 
found that S increased with increasing Cu content. The alignment of crystal axes was 
studied using the rocking curves of L11 (111) peaks. Figure 5-22 (b) plots the ∆θ50 of 
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CoPt (111) as a function of Cu content. ∆θ50 decreased from 3.8° to 2.7° as Cu atomic 
fraction increased, suggesting improved alignment of the c-axis in the rhombohedral 
lattice. It may be attributed to the decrease of the defects by Cu addition. 
 
 
Figure 5-21 The X-ray diffraction patterns for Co50-xCuxPt50 films. 
 
 
Figure 5-22 Variation of (a) [I(111)/I(222)]
1/2
 and (b) ∆θ50 of CoPt (111) as a function 
of Cu fraction. 
 
Out-of-plane and in-plane hysteresis loops of the Co50-xCuxPt50 films with x=0, 
10, 20 and 30 are shown in Figure 5-23 (a)-(d), respectively. All the films showed 
perpendicular anisotropy, since out-of-plane coercivity and remanent magnetization 
were larger than those of in-plane.  
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Figure 5-23 (a)-(d): Out-of-plane and in-plane hysteresis loops of the Co50-xCuxPt50 
films with x=0, 10, 20 and 30, respectively. 
 
Magnetic properties including Ms, Ku, and Hc for CoCuPt films are plotted as a 
function of Cu content in Figure 5-24. Ms declined almost linearly from 681 to 284 
when Cu atomic percentage increased from 0 to 30. This result reveals a simple 
magnetic dilution effect with the replacement of Cu in this composition range. Ku also 
decreased with increasing Cu atomic fraction due to reduced Ms. The variation of Hc 
as a function of Cu content was very interesting. It increased with increasing Cu 
composition, showed maximum corresponding to 10 and 15 at.% of Cu composition, 
decreased with further increasing Cu composition and finally disappeared at 50 at.% 
Cu. The enhanced coercivity could be due to the decrease of inter-particle interactions 
by Cu segregation. It could also be due to the formation of a low anisotropy part to 
serve as domain wall pinning by Cu alloying with CoPt. To investigate which role Cu 
was playing, the following characterizations were carried out. 
Magnetic domain structures were studied to account for the enhanced Hc. The 
MFM images were obtained from the as-prepared 50 nm samples with 5 m  5 m 
dimension. Maze-like domains were observed in the CoPt binary film in Figure 5-25 
(a), which was a typical pattern for epitaxial grown films with uniaxial anisotropy. 
Due to the absence of domain wall pinning sites, spontaneous formation of maze-like 
pattern to reduce the magnetostatic energy resulted in a small Hc and positive Hn, as 
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shown in Figure 5-25 (c). When Co was partially replaced by Cu (x=20), the domain 
structure significantly changed to particulate-like, as shown in Figure 5-25 (b). Figure 
5-25 (d) shows the hysteresis loops of Co30Cu20Pt50 film. Significant enhancement of 
Hc together with a negative Hn was obtained, implying domain wall pinning effect. 
From a magnetic point of view, an inclusion in a domain is a region with different 
spontaneous magnetization compared with the surrounding materials. Domain wall 
tends to cling to the inclusion to decrease the area and thus the energy. We can infer 
that domain wall motion became discontinuous during magnetic reversal due to 
magnetic inhomogeneity and thus resulted in improved Hc from 0 to 20 at.% Cu 
addition. The magnetic inhomogeneity could be formed either by alloying CoCuPt, or 




















































Figure 5-25 (a) and (b) MFM images, and (c) and (d) hysteresis loops of Co50Pt50 and 
Co30Cu20Pt50, respectively.  
 
Overall there were three possibilities for the existence of Cu: 1. pure Cu as a 
second nano-phase as pinning site; 2. randomly distributed L11 CuPt and L11 CoPt; 3. 
alloying with L11 CoPt to serve as domain wall pinning. To figure out which role Cu 
played, EXAFS was adopted to investigate local atomic environment. 
Figure 5-26 shows the EXAFS spectra of Co30Cu20Pt50 and Cu foil. It can be 
clearly seen that the local atomic environment of Cu at K-edge for Co30Cu20Pt50 is 
totally different from that of Cu foil. This substantial difference implied that Cu did 
not exist as Cu cluster or other forms of segregation. As a result, the possibility of 
second nano-phase as pinning site could be excluded. For the other two cases: 1. two 
separate phases L11 CuPt and L11 CoPt; 2. Cu alloys with L11 CoPt to form ternary 
alloy by substituting Co site, it could be difficult to exclude either case from EXAFS 




Figure 5-26 EXAFS spectra of Co30Cu20Pt50 and Cu foil. 
 
Figure 5-27 shows the FFT EXAFS spectra of Co-Co, Co-Cu, Co-Pt paths of 
Co-K, Cu-K and Pt-L2 edges, respectively. Figure 5-28 shows the EXAFS spectra of 
Pt-L2 edge of Co30Cu20Pt50, Co50Pt50 and Cu50Pt50. From both figures, we can see FFT 
EXAFS spectra show very similar amplitude and real parts profiles for Co and Cu. In 
essence, the two possibilities of Cu’s existence (1. two separate L11 CuPt and L11 
CoPt phases; 2. ternary L11 CoCuPt) gave two extreme and ideal assumptions. The 
most probably case was in between and could be described as follows: both locally Co 
and Cu rich phase with L11 atomic configuration co-existed in the film with average 
composition equal to the overall doping concentration. The higher Hc with 10–20 at.% 
Cu concentration was also consistent with this case by forming more relatively soft 
Cu-rich L11 phase as pinning sites to hinder the reverse of the magnetic moment. 
There was still the possibility to form two completely separated binary phases; 





Figure 5-27 FFT EXAFS spectra of Co-Co, Co-Cu, Co-Pt paths of Co-K, Cu-K and 
Pt-L2 edges, respectively. 
 
 
Figure 5-28 EXAFS spectra of Pt-L2 edge of Co30Cu20Pt50, Co50Pt50 and Cu50Pt50. 
 
Figure 5-29 (a) shows Fourier transform (FT) of EXAFS spectra of Co-K edge 
of CoPt, Co40Cu10Pt50 and Co30Cu20Pt50 in the film nornal direction. Figure 5-29 (b) 
shows Co-Co, Co-Pt and Co-Cu paths of Co K-edge. From figure (b) we could find 
that Co-Co(Cu) path contributed to one major peak whereas Co-Pt path contributed to 
two peaks. After comparing these paths with the FT EXAFS spectra as shown in 
figure (a), it could be found that from CoPt to Co40Cu10Pt50, the major peak (R=2.2 Å) 
which originated from both Co-Co(Cu) path and the 1
st
 peak of Co-Pt path decreased; 
whereas the 2
nd
 peak (R=2.8 Å) from Co-Pt path stayed the same, which indated that 
the 1
st
 peak of Co-Pt path should also keep the amplitute since both of them were 
from Co-Pt path. Therefore the decrease from the highest peak (R=2.2 Å) was soly 
due to the decrease of Co-Co(Cu) path amplitute. It indicated that in the parallel 
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planes to the Co planes (i.e. Pt atom planes), there were less Co(Cu) atoms with 10 at.% 
Cu doping compared to without Cu doping, which meaned that the ordering parameter 
increased. As Cu doping further increased to 20 at.%, the peak (R=2.8 Å) from the 2nd 
peak of Co-Pt path increased, which would also suggest an increased 1
st
 peak of Co-Pt. 
However, the major peak (R=2.2 Å) amplitute stayed the same. It meaned that the 
contribution from Co-Co(Cu) path reduced, indicating ordering paramter continued 
decreasing with further increasing Cu atomic percentage. The change of the ordering 
parameter was consistent with what had been observed from XRD.  
 
 
Figure 5-29 Fourier transform of EXAFS spectra of (a) Co-K edge of CoPt, 
Co40Cu10Pt50 and Co30Cu20Pt50 in the perpendicular direction to the film plane; (b) Co-
Co, Co-Pt and Co-Cu paths of Co K-edge. 
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Above was the qualititive analysis from the Fourier transform of EXAFS 
spectrum. To investigate the local structure around the center atom more 
quantitatively, the best fit parameters were obtained from the fitting of the 
experimental χ(R) versus R spectra. The best fit theoretical χ(R) versus R spectra were 
shown in Figure 5-30 (a)-(f) and a set of EXAFS data analysis program
186
 was used. It 
included data reduction and Fourier transform to derive the χ(R) versus R spectra from 
the absorption spectra, generation of the theoretical EXAFS spectra from Co-Co(Cu) 
and/or Co-Pt paths and finally fitting with the experimental data to derive the 
quantitative information. The structural parameters of L11 CoPt used for simulation of 
theoretical EXAFS spectra were obtained from reported values.
84
 The bond distances, 
coordination numbers and Debye-Waller factor σ2 were used as fitting parameters. 
Figure 5-30 (a)-(c) show the raw and fitted Co-K edge EXAFS spectra of Co50Pt50, 
Co40Cu10Pt50 and Co30Cu20Pt50 in the film normal direction, respetively; (d)-(f) show 
the in-plane spectra of Co50Pt50, Co40Cu10Pt50 and Co30Cu20Pt50, respectively. The 
solid curves are representative of raw spectrum and dot curves fitted ones. The first 
shell fitting yielded the effective coordination number, which were listed in Table 5.2.  
 
 
Figure 5-30 Raw and fitted Co-K edge EXAFS spectra of (a)-(c) out-of-plane and (d)-
(f) in-plane Co50Pt50, Co40Cu10Pt50 and Co30Cu20Pt50. 
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Table 5.2 The effective coordination number (N
*
) and Co-Co(Cu) path ratio of 
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Co-Pt 7.67 7.01 
 
Due to similar EXAFS contributions from Co and Cu, it was difficult to 
differentiate Co/Cu. Therefore here in the fitting, Co-Co and Co-Cu paths were 
considered the same. From the above table, with increasing Cu atomic percentage, the 
effective coordination number of Co-Co(Cu) path decreased in the perpendicular 
direction, and the ratio of its contribution to overall coordination number also reduced, 
indicating Co/Cu atoms became less in the Pt planes and thus ordering parameter 
increased. This is consistent with the qualitative analysis and also consistent with the 
order parameter calculation from XRD results. 
Initial magnetization curves of selected Co50-xCuxPt50 samples were measured 
to study the magnetic reversal mechanism, as shown in Figure 5-31. For x=0 and 5, 
the magnetization of the sample did not increase drastically until the external 
magnetic field reached a large value. For x=30, it exhibited much larger initial 
susceptibility compared to x=0. The minimum external field Hext needed to reverse a 
domain is given by          
  
   
 where σw is the wall energy density per unit 
area and is related to anisotropy by uw AK4 ,
182
 d is domain size, c is a factor 
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depending on the shape of the domain.
187
 Hc, Ms and Ku could be obtained from 
Figure 5-23 and Hext could be obtained from Figure 5-31. Therefore from the above 
equation, we could suspect that the domain size decreased with increasing Cu content. 
 
 
Figure 5-31 Initial magnetization curves of selected Co50-xCuxPt50 samples. 
 
Figure 5-32 (a)-(c) show the TEM bright-field images of Co50Pt50, 
Co35Cu15Pt50, Co25Cu25Pt50 films, respectively. For binary CoPt thin film, the average 
grain size was 40 nm. It reduced to 23 nm for 15 at.% Cu. With further increasing Cu 
content, it reduced to 18 nm. This confirmed that Hext field from initial magnetization 
curve decreased with increasing Cu content according to the above equation. 
 
 
Figure 5-32 TEM images of (a) Co50Pt50, (b)Co35Cu15Pt50, and (c) Co25Cu25Pt50 films. 
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EDS showed that both of the dark and light regions were composed of all Cu, 
Co and Pt. We could not find any regions containing only CoPt, or CuPt. It confirmed 
that the existence of Cu was alloying with CoPt as ternary alloy CoCuPt. Similar 
results have also been reported by others with element mapping of Co and Cu by 
STEM.
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 In their results, spinodal decomposition occurred in CoCuPt films, resulting 
in randomly distributed Cu-rich and Co-rich regions. Cu-rich region were weak 
magnetic, whereas Co-rich parts were ferromagnetic. Therefore the magnetic 
inhomogeneity could lead to discontinuous domain wall motion during magnetic 
reversal, thus resulting in enhanced coercivity. 
5.2.3.3 Summary 
Substitution of Co by Cu facilitated L11 ordering, improved the alignment of 
[111] of L11 phase, and enhanced perpendicular coercivity. The increased coercivity 
may be due to low Hk CoCuPt phase as domain wall pinning. 
5.3 Summary 
The interfacial effects of different underlayers (Ru, Ir, Pt) were investigated 
and sharp interface such as CoPt/Ru was found necessary to obtain good ordering. For 
different CoPt film thickness, it was found that 10 nm CoPt had the best chemical 
ordering and magnetic properties. After introducing a 2 nm Pt intermediate layer, 
chemical ordering and magnetic anisotropy of the CoPt films were improved, whereas 
after introducing Ir layer, the chemical ordering was reduced. Cu was doped in CoPt 
to control grain size, improve chemical ordering and coercivity. The increased 
coercivity may be due to the formation of low Hk CoCuPt phase to serve as domain 
wall pinning by EXAFS study.  
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Chapter 6 Conclusion and future work 
In order to further increase areal density and overcome the challenges of SNR, 
thermal stability and writability, efforts should be exerted in either improving current 
media to reduce thermal instability, or designing alternative methods for data storage. 
Alternative methods for the next generation were reviewed, including heat assisted 
magnetic recording media, exchange coupled composite media, and patterned media. 
State-of-the-art of L10 and L11 CoPt were reviewed and possible solutions to some 
open issues were provided. With further investigation and improvement of CoPt 
media, its potential as ultra-high density magnetic media could be realized. 
6.1 Conclusion 
The conclusions of this thesis include three parts: development of L10 CoPt, 
L10 CoPt based ECC media, and L11 CoPt. 
The first part of this research work was to obtain desired structure and 
magnetic properties of L10 CoPt media film in order to satisfy the media requirements 
for high areal density magnetic recording. Effects of CoPt film thickness and SiOx 
volume percentage on chemical ordering and magnetic properties of L10 CoPt films 
were studied. Thicker CoPt exhibited higher chemical ordering but lower coercivity. 
The change of magnetization reversal from S-W rotation model for thinner film to 
domain wall motion model for thicker film could be responsible for the reduced 
coercivity with increasing film thickness. The CoPt-SiOx corresponding to 10 vol.% 
SiOx exhibited maximum coercivity, which was attributed to the increased chemical 
ordering and S-W model preferred magnetization reversal mechanism. In order to 
make it commercially viable, L10 CoPt films was developed on oxidized Si substrates. 
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The effects of annealing conditions and MgO intermediate layer thickness were 
investigated. The coercivity of the samples increased with increasing annealing 
temperature and annealing time due to improved chemical ordering. The thickness of 
the MgO underlayer had no effects on the coercivity of CoPt films. In order to further 
control the CoPt (001) texture, multilayered structure of (CoPt/MgO)n was deposited. 
Thin CoPt sublayer was more effective in inducing the L10 CoPt (001), whereas 
thicker MgO sublayer was preferred for improved chemical ordering and small grain 
size. More repetitions of bilayer resulted in higher chemical ordering and thus 
coercivity. The in-situ deposition conditions can influence the initial structure of the 
disordered CoPt films. Initial deposition at room temperature is preferred to form (001) 
texture. The research work of this part has been published in J. Appl. Phys., 2009. 105 
(7): 07B709.  
The second part of this thesis was to study the L10 CoPt based ECC media. 
The effects of direct interlayer coupling between soft and hard layer was investigated 
with increasing soft layer thickness, both experimentally and theoretically. With 
increasing the thickness of the soft layer, both coercivity and magnetization 
squareness of composite media decreased. For direct interlayer coupling, increasing 
soft layer thickness was effective to significantly reduce the switching field with soft 
layer thickness below 4 nm. When the thickness of the soft layer was above 4 nm, the 
reduction of Hcr was less effective. More incoherent switching behavior was observed 
with increasing soft layer thickness. Different magnetization reversal mechanisms 
may be responsible for this. The research work of this part has been published in J. 
Nanosci. Nanotechnol., 2011. 11 (3): 2607.  
The third part of this thesis was to investigate L11 CoPt with comparable Ku 
and lower ordering temperature than L10 CoPt. The CoPt/Ru (Ir, Pt) interfacial effects 
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on chemical ordering and magnetic properties were investigated. The results indicated 
that very rough interface like CoPt/MgO would suppress L11 ordering; and that inter-
diffusion occurred at the interface of CoPt/Pt (Ir). Sharp interface such as CoPt/Ru 
was necessary to obtain good ordering. L11 CoPt films were also developed on glass 
substrates for practical application. CoPt films with different thickness have been 
studied. Small Hc and positive nucleation field implied low impedance for domain 
wall motion. Magnetic domain structure changed from large and irregular domains to 
highly interconnected stripes with increasing CoPt layer thickness. Large coercivity 
corresponding to 10 nm CoPt film was attributed to a combination of large chemical 
ordering and high magnetic anisotropy. The effects of Pt and Ir intermediate layer on 
the structural and magnetic properties of CoPt films were investigated. After 
introducing a 2 nm Pt intermediate layer, chemical ordering and magnetic properties 
of CoPt films were significantly improved, whereas after introducing Ir intermediate 
layer, the chemical ordering and magnetic anisotropy were reduced. Substitution of 
Co by Cu facilitated L11 ordering, improved the alignment of [111] of L11 phase, and 
enhanced perpendicular coercivity. The increased coercivity was due to the formation 
of low Hk CoCuPt phase to serve as domain wall pinning. The research work of this 
part has been published in J. Appl. Phys., 2011. 109 (7): 07B744.  
6.2 Future work 
For L10 CoPt, deep understanding of SiO2 addition on chemical ordering and 
anisotropy control is needed. Whether there is any solubility of Si in CoPt is not 
known, and EXAFS may provide the atomic environment information. 
In terms of doping in L10 CoPt to isolate CoPt grains, many candidates have 
already been nominated. The cohesive energy (ΔHm) is the only factor to determine 
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the strength of the segregation tendency. The solubility for very small B in CoPt is 
given by               (
   
         
        
  
). Cohesive energy of carbon is higher 
than that of SiO2. Consequently, carbon may segregate more strongly than SiO2 does. 
From cohesive energy’s perspective, Nb-oxides (Nb2O5, NbO2, NbO) and TiN, TiC 
may also be the candidates since their cohesive energies are between C and SiO2.   
There are many techniques to measure the magnetic properties of materials, 
but most of them can only provide the total magnetization of the measured system. By 
applying the total absorption and X-ray magnetic circular dichroism (XMCD), values 
of the orbital and spin moment of the probed atom can be obtained and thus magnetic 
contributions from each element can be determined. Detailed knowledge of magnetic 
contributions of each element (Co, Cu and Pt) in the L11 CoCuPt media films can be 
obtained from the L2,3- edges of Co, Cu and Pt by XMCD measurement. Therefore the 
magnetic contribution of Cu will provide information about whether Cu forms a nano-
phase (non-magnetic), or forms solid solution with CoPt (magnetic).   
L11 CoPt has large magnetic anisotropy but difficult to obtain small grain size. 
Therefore in the future, patterning technique may be applied to control grain size. 
It is believed that CoPt films with satisfactory structures and properties such as 
the ones fabricated in this thesis can be applied not only as conventional recording 
media but also to other applications, like spintronics devices. Thus future work should 
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A  Rocking curve measurement of [CoPt (t nm)/MgO (4 nm)]n 
∆θ50 of CoPt (001) peak was measured for all the samples annealed at 600 °C 
and 700 °C to examine the (001) texture evolution with CoPt sublayer thickness. 
 
Table A ∆θ50 of CoPt (001) peak for the samples annealed at 600 °C and 700 °C. 
CoPt layer thickness (nm) 
∆θ50 of CoPt (001) (°) 
600 °C 700 °C 
2.5 7.16 6.11 
3 6.82 5.21 
3.8 8.40 6.77 





B  LLG simulation parameters for L10 CoPt based ECC media 
Modeled hysteresis loops were obtained by solving the Landau-Lifshitz-





 is a 3-dimensional simulation tool with integrated 
graphics that solves the LLG equations by relaxation and integration. LLG equation is 
differential equation describing the precessional motion of magnetization in a solid 
and including dipolar, anisotropy, exchange, and Zeeman energies. In this study, 
hysteresis loops were simulated using a ramped, uniform magnetic field applied 
perpendicular to the film plane. Magnetic anisotropy and lateral exchange coupling 
were independently controlled for each layer, and vertical exchange coupling between 
each layer was also controlled to simulate the coercivity dependent interlayer 
exchange coupling strength. Simulation volume was X=100 nm, Y=100 nm, Z=10+x 
nm (x=soft layer thickness, 0, 2, 4, 6 nm). Discretization was Nx=10 sub-elements, 
Ny=10 sub-elements and Nz=(10+x)/2 sub-elements. Anisotropy type was selected to 
be uniaxial. The media parameters used are as follows: for hard layer, Ms=821 emu/cc, 
Ku=1.27×107 erg/cc, A=1 µerg/cm, film thickness 10 nm; whereas for soft layer, 
Ms=960 emu/cc, Ku=0.98×106 erg/cc, A=1 µerg/cm, film thickness from 0 to 6 nm. 

















C  XRR profiles of L11 CoPt thin films with Ru, Ir and Pt underlayers  
To investigate the interfacial condition, the XRR profiles of CoPt/Ru (Pt, Ir) 
were obtained. The experimental and fitted curves were present in Figure C. 
 
 
Figure C (a)-(c) XRR profile measured (black) Ru/CoPt, Pt/CoPt, Ir/CoPt and fitting 
(red), respectively; (d)-(f) Electron density versus depth deduced from the fitting for 





D  RBS profiles of L11 CoPt thin films with Ru, Ir and Pt underlayers  
To further confirm the inter-diffusion between CoPt and underlayers, RBS 
measurement was carried out. The experimental data and simulated curves of RBS 









E  XPS in-depth profiles of L11 CoPt with and without a 6 nm Pt intermediate 
layer 
In order to examine the diffusion at the interface, XPS in-depth profiles of the 
samples with and without a 6 nm Pt buffer layer were shown below. 
 
 
Figure E Depth profile of CoPt film (a) without intermediate layer and (b) with 6 nm 
Pt intermediate layer. 
 
